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Careers in a New Era of Space Technology Leadership 


OGO-ADVENT: ATLAS TITAN-MINUTEMAN 


Today Space Technology Laboratories, Inc.,is engaged in a program of diversification and planned growth. 


Programs. Research, development, design, and con- Facilities. Presently under construction on a 110-acre 
struction of three Orbiting Geophysical Observatories site at Redondo Beach, near Los Angeles International 
for NASA. Systems engineering support and technical Airport, is the STL Space Technology Center com- 
consulting services for the Army Advent program. prising ten buildings specially designed for research 
Systems engineering and technical direction of the and development in missile and space systems, for the 
Atlas, Titan, and Minuteman weapon systems for the fabrication and environmental test of subsystems and 
Air Force. Original and applied research in a broad components, and for the production of scientific and 
spectrum of disciplines: particle physics, solid state technical devices derived from STL’s sustained 
theory, guidance, space physics, communication the- research program. These new facilities will be aug- 
ory, propulsion and power, and electromagnetic sys- mented by the STL research and fabrication installa- 
tems in the infrared, ultraviolet and microwave regions. tion at Canoga Park, California. 


Immediate Opportunities at STL exist for qualified engineers and scientists at all levels of experience, in the 
following activities: 

BALLISTIC MISSILE PROGRAM MANAGEMENT (Los Angeles, Vandenberg AFB, Norton AFB—San Bernar- 
dino). Responsible for systems engineering and technical direction for the Air Force ICBM Weapon Systems 
Programs —Atlas, Titan, and Minuteman —including achievement of all technical objectives of these programs. 
MECHANICS DIVISION (Los Angeles). Responsibilities of the Propulsion, Engineering Mechanics, and Aero- 
sciences Laboratories within this division include: analyzing and evaluating performance of rocket engines, 
propellants and propulsion subsystems and components; conception, design, development, and evaluation of 
ballistic missile and space vehicle systems; development and implementation of structural, dynamic, aerody- 
namic, and re-entry vehicle research and development concepts for both ballistic missile and space vehicle 
programs; and development of new subsystems for missile and spacecraft applications. 

SYSTEMS RESEARCH AND ANALYSIS DIVISION (Los Angeles). Systems Research Laboratory activities 
include: management of complete space and missile systems studies including initial design; operations analy- 
sis; preliminary design in such areas as structures and aeromechanical and electromechanical systems; trajec- 
tory and error analysis; space navigation; and communication systems. Computation and Data Reduction Center 
performs the following functions: numerical analysis; applied mathematics; statistical analysis; scientific pro- 
gramming; computational systems programming; data processing analysis; and test evaluation programming 
and analysis. 

ELECTRONICS DIVISION (Los Angeles). The Communication, Electromechanical, Guidance, and Space 
Physics Laboratories of this division are responsible for analysis, design, and development of advanced guidance, 
control, and communications systems for ballistic missiles and space vehicles—from applied research to elec- 
tronic product and ground support equipment design. Disciplines include the physical, electronic, and electro- 
mechanical aspects of guidance, tracking, control, communication, and computer systems, geophysics, and space 
physics. 

RESEARCH LABORATORY (Los Angeles and Canoga Park, California). Fields of interest include: physical 
studies of gaseous electronics, artificial meteors, reactor kinetics, microwave electronics; studies of quantum 
chemistry, thin film applications, electron and ion dynamics, and theoretical physics; heavy particle studies; 
ion propulsion research including neutralization and beam diagnostics, emitters, acceleration and ion optics, and 
engine design. 

FABRICATION, INTEGRATION & TEST DIVISION (Los Angeles). Incorporates the areas of mechanical and 
electronic fabrication and assembly, environmental test, mechanical and electrical integration of spacecraft, inte- 
grated subsystems and systems checkout, and launch operations. 

ELECTROMAGNETIC SYSTEMS DIVISION (Canoga Park, California). The Radio Physics and Signal Equip- 
ment Laboratories of this division are engaged in developing advanced communication, radio direction finding, 
electro-optical, and penetration and reconnaissance systems; and in investigating advanced signal processing, 
electronic and anti-submarine warfare techniques. 

FLIGHT TEST QPERATIONS (Cape Canaveral). Responsible for directing systems test programs and for 
supplying technical leadership to contractors conducting flight testing of ballistic missiles, space programs, and 
vehicles modified for special development purposes. 


Resumes and Inquiries from engineers and scientists, at all levels of experience, will receive prompt and 
careful attention. All qualified applicants, regardless of race, creed, color or national origin, are invited to 
communicate with Dr. R. C. Potter, Manager of Professional Placement and Development, for opportunities 
in Southern California or at Cape Canaveral. 


SHARE 


IN THE GROWTH OF SPACE TECHNOLOGY LEADERSHIP 


SPACE TECHNOLOGY LABORATORIES, INC. p.o. Box 95005€, Los ANGELES 45, CALIFORNIA 


a subsidiary of Thompson Ramo Wooldridge Inc. P.O. BOX 4277E, PATRICK AFB, FLORIDA 


Los Angeles +» Vandenberg AFB + Canoga Park + Norton AFB, San Bernardino  / Dayton » Cape Canaveral + Washington D.C. + Boston « Huntsville 


Those attending WESCON are invited to visit Space Technology Laboratories at Booth No. 209 


W he 


Har 
depe 
tem] 
and 

turb 
spec 
cool 
Pow 
Hus 
wit 
relia 
tran 
whi 


con! 
Sale 


Fre 

| 


RNIA 


ville 


From General Motors...Temperatures Made to Order 


GM HARRISON GIVES KAMA 
A COOL LIFT ! 


Where heat is a critical problem, you'll find ay 
Harrison on the job! Harrison heat exchangers Ba 
dependably and efficiently control vital operating 
temperatures on the most advanced military \ 
and civilian aircraft— piston, turbo-prop and 

turbo-jet powered. That’s why Kaman h 
specified Harrison engine and transmission oil 
coolers for its H-43B Huskie turbine helicopter. 


Powered by a Lycoming T-53 engine, the 4 
Huskie passed the most rigid reliability tests nt 
with flying colors. You'll find this same built-in if 
reliability in 15 basic types of Harrison heat ee “A 


transfer construction—a complete line of designs 
which permits the selectivity that assures the 

right heat exchanger for every application. ’ 
To save time and money on your temperature 
control problems, be sure to call in a Harrison 
Sales Engineer at the design stage. 


Typical Harrison 
formed plate-fin type 
aviation oil cooler. 


Harrison heat exchangers —quality pré 
ucts of General Motors Research’<ntimm 
Engingering—offer high reliability 

aire space and missile applications. 


Free For an informative 48-page 


brochure on the complete Harrison 
line . . . write to Department 902 


(ARRISON 


AIRCRAFT, AUTOMOTIVE, MARINE AND INDUSTRIAL HEAT EXCHANGERS 
HARRISON RADIATOR DIVISION, GENERAL MOTORS CORPORATION, LOCKPORT. NEW YORK 
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Environmental and secondary 


power systems for multiman 


spacecratt... 


1. Main cabin 
environmental control 
system... cryogenic 
atmosphere supply, cooling 
system, pressurization and 
constituent controls, 

water purification. 


4 2. Re-entry /emergency 

~ 
environmental control 
system. 


3. ‘Back pack"’ breathing 
and pressurization system. 


4. Secondary power 
system ... multiple 
re-entry turbine, pump, 
alternator and cryogenic 
fuel supplies. 


5. Attitude control system 
... reaction motor, fuel 
and attitude controls. 
6. Instrumentation 
... flight data and 
physiological monitoring 
systems. 


Their design reflects Garrett’s 20 years of leadership in 
developing and producing secondary power and environ- 
mental controls for aircraft and spacecraft, including 


Manned space flight requires reliable and efficient thermal 
and atmospheric systems and secondary power equipment. 

Complete and integrated systems, as pictured, are being 
studied or under development at The Garrett Corporation. _NASA’s Project Mercury life support system. This unique 
Through optimized design they offer an unmatched degree capability offers an unequaled source of research, develop- 


of compatibility and high performance. ment and production to the government and industry. 


THE coRP ON 


AiResearch Manufacturing Divisions 


Los Angeles 45, California * Phoenix, Arizona 


Systems and Components for: AIRCRAFT, MISSILE, SPACECRAFT. ELECTRONIC, NUCLEAR AND INDUSTRIAL APPLICATIONS 
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The question is clear, but answers—-specifically 


remain elusive and a challenge even to the serious 


For some of the answers, however, we recommend the three lead articles in 
this issue as representing the latest, authoritative data available. 


AEROSPACE ENGINEERING Is pleased 


to welcome the authors, Dr. F. J. Krieger and Professors Ronald F. Probstein and Leon Trilling, to its 


distinguished roster of contributors and hopes to hear from them again. 


The Editor wishes also to 


acknowledge the generous assistance of Dr. Charles A. Lindley, AIAS, of The Marquardt Corp., in 


handling the many details incidental to this three-article presentation. 


Illustration by Gene Murray 
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ntributors Please 
Note 


AEROSPACE ENGINEERING welcomes con- 
tributions of original manuscripts dealing 
with all fields of interest in the Aerospace 
Sciences (detailed list under “Aerospace 
Technology Panels," page 4). Manu- 
scripts are acknowledged on receipt and 


authors kept informed as to progress and | 


notified promptly of acceptance. To 


prevent delays in confidential editorial | 


review of articles, adhere rigidly to IAS 
Requirements for Contributions and provide 


an original manuscript plus one or two | 


legible (carbon or process) copies com- 
plete with legible copies of illustrations. 
tems submitted should not exceed 17-20 
pages (maximum of 5,000 words), double 
spaced and typewritten with 2-inch 
margins. For each illustration submitted, 
deduct 350 words; and for any tabular 
matter, deduct an equivalent number of 
words from text. Usually, a period of 
from 2 to 6 weeks is required for editorial 
review. Contributors are, however, urged 
'0 correspond with the Editor at any time 
during the review period whenever theneed 
arises. Articles are published as rapidly 
9s possible after acceptance. IAS, follow- 
ing the practice of other societies, does not 
pay for contributions. 


PHYSICISTS 


for advanced studies of high-perform- 
ance electrical propulsion systems... 


Great interest has been aroused by our unusual oscillating-electron ion 


engine which produces a high-velocity, electrically-neutral plasma beam. 
Since this electrically-neutral stream eliminates the space-charge effect, 
there is no theoretical limit to the thrust capability of the device. t Past 
successes and current progress with this device, (and in other areas of 
plasma research) now require a material expansion in this entire effort. As 
a result, a number of very attractive Senior Positions are being created for 
electrical propulsion specialists — particularly physicists with advanced 
degrees and experience. 1 These positions should have particular appeal 
to those interested in studies of high-energy plasma sources, diagnostic 
techniques and cther basic investigations that will lead to practical space 
propulsion devices. Included are both theoretical and experimental investi- 
gations of factors that determine plasma potentials, ionization and power 
efficiencies. .) This program is of the long-range sustained type with both 
corporate and government sponsorship. Superior facilities and assistance 
are available for numerical computation and experimental work. Publi- 
cation of papers is encouraged as is close contact with related university 
research. 3 Salary levels, benefits and the semi-academic approach will 
appeal to experienced men with demonstrated abilities. 


You are invited to contact Mr. W. G. Walsh, Personnel Department 


RESEARCH LABORATORIES 
UNITED AIRCRAFT CORPORATION 


400 Main Street, East Hartford 8, Conn. 
All qualified applicants will receive consideration for employment without regard 
to race, creed, color or national origin, 
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Mach 3 
Manufacturing 


Ultra-sonic checkout: sound waves are bounced through honeycomb panels under water to inspect brazing. 


Sounding out the inner secrets of brazed honeycomb 


panels 


panels of stainless-steel honeycomb in order to fly for 


Manned aircraft are built with brazed 


hours at supersonic speeds. But inspection of these panels 
becomes a major problem because the interior of brazed 
honeycomb panels cannot be seen. 

To solve this problem in designing the Air Force's new 
B-70 Valkyrie airplane. a special Quality Control Develop- 
ment Program was undertaken at the Los Angeles Division 
of North American Aviation. 

The result: ultra-sonic inspection. a process that works 
like the Navy’s sonar systems for locating submarines. By 
immersing each finished panel into a tank of water and 


then traversing a scanning head over it. sound waves are 
transmitted into the panel and reflected back to the scan- 
ning head. The reflections are recorded on photo-sensitized 
paper for a permanent record of every minute area where 
honeycomb and skin are brazed together. Any area that has 
heen improperly brazed will show up instantly. 

This method of inspection is just one of the many 
processes and advances in Mach 3 manufacturing that have 
been evolved by North American development programs. 
Other advances cover the full spectrum of triple-sonic fab- 
rication. As a result of these programs, North American 
\viation has met the challenge of Mach 3 manufacturing. 


Builders of the B-70 Valkyrie 


THE LOS ANGELES DIVISION OF NORTH AMERICAN AVIATION, INC. 7% 
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The Scientist and 
His Responsibility 


excerpts from the remarks of 
The Honorable 
JOSEPH V. CHARYK 


Under Secretary of the Air Force 


L, WOULD BE SALUTARY if we, like Janus, 
the god of mythology, could look both back- 
ward and forward at the same time. For 
today, in a world where the impact of tech- 
nology is more profound than ever before, 
the horizon ahead looks more foreboding than ever. 
And as we seek guidance as to the course to chart 
and the role and influence of engineering and science 
on that path, it is a privilege to do honor to Dr. 
yon Karman, a man who combines the wisdom of age 
with the zeal and inspiration of youth. 

The spirit of inguiry and challenge that he typifies 
can serve as a lesson to all of us in these critical times. 
As he once said: “I have found you should always 
question everything. We should not be inclined to 
accept that things cannot be done, but should in- 
vestigate how they can be done.” 

The scientist and the engineer, I believe, in today’s 
world have a terrible responsibility. It was drama- 
tized by the President when he said: ‘“‘For man holds 
in his mortal hands the power to abolish all forms of 
human poverty and all forms of human life.” 
Technology has become such a vital and such a con- 
trolling element of our lives that politics, economics, 
military affairs and international relations are in- 
extricably linked with it. And inasmuch as this 
is the type of world in which we live today, the scien- 
list can no longer escape to an ivory tower or pretend 
that these other affairs are not his business. Whether 
he likes it or not, he has become a vital element of 
it all and he carries the weight of a responsibility 
to humanity to do his part. 

It is a keen disappointment to me and also a deep 
concern to see, all too often, distinguished scientists 
argue in a most nonscientific fashion that we should 
not attempt to advance technology in certain areas. 
And the reason-—because they are afraid of the pos- 
sible uses of the results. Fear is a disease that can 
be fatal and will, in fact, be so if we fear to face up 
to reality, if we fear to accept the challenge, and if 
we fear to advance knowledge. Fear, timidity, 
compromise and shirking of responsibility are the 
antitheses of the things that built this great country, 
and are the things that can destroy it. 


Guest Editorial 


at a testimonial dinner tendered 
Dr. Theodore von Karman 

on his 80th Birthday 

a in Washington, D.C. 


I am also deeply disturbed by all too frequent evi- 
dence of technical irresponsibility, of attempts to see 
contract gain through dramatic representations to 
the military of concepts that are technically un- 
sound or highly speculative but are represented as 
attainable at an early date and at low cost. I see 
too much of attempts to solve problems by the mas- 
sive application of manpower rather than by the 
selected application of brain-power. Sometimes 
accomplishment seems to be measured by the size 
of the contracts required to complete the job rather 
than by the efficiency with which the job was exe- 
cuted. We tend to substitute glossy proposals for 
sound technical concepts with demonstration models. 
I believe we have become too enamored of sophistica- 
tion and too deprecative of simplicity. The dubious 
luxury of these faults cannot be continued. We 
must focus our energies in the most efficient fashion 
we can, for, in large measure, the destiny of man is 
linked to how we face up to the new horizon of 1961. 
The scientists’ and engineers’ role in this determina- 
tion is a vital one and they must live up to it with 
a true sense of responsibility. It is no time for 
Rather, 
it is a time for sacrifice, devotion, dedication and 
vision. 


escapism or excuse, for hysteria or ennui. 


Today, we stand on a new horizon. It is now a 
world of hydrogen weapons, of intercontinental 
ballistic missiles and of space ships. What lies 
ahead? Aeronautics has shrunk the world and 
nuclear technology has uncovered the secrets of the 
atom and the basic energy of the universe. What 
will happen will depend on the vision and dedication 
of men who can rise beyond compartmented restric- 
tions of technology, the humanities, and geography, 
and who can point the way toward the type of world 
that is possible and that has been the dream of cen- 
turies. 
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Operations—Space 


- THEORETICAL as- 
pects of space investiga 
tion by means of rockets 
began in Russia at the 
end of the nineteenth 
century with the work of 
I. V. Meshcherskii on the 
dynamics of bodies of 
variable mass and the 
studies of K. E. Tsiol- 
kovskii on the principles 
of rocket flight. The 
practical investigation of 
space, however, did not 
begin until 1933, when 
Soviet scientists and en- 
gineers launched the first 
of a series of liquid-pro- 
pellant atmospheric re- 
search rockets. In 1935, one of 
these rockets reached an altitude of 
10 km, which, Soviet historians care- 
fully point out, bettered the 2.3-km 
altitude attained by Professor God- 
dard’s rocket in May of that year. 

That the rocket showed promise 
as a scientific research tool was 
immediately recognized by the Soviets. No less 
than seven papers on the use of rockets for atmos 
pheric research were presented at the All-Union 
Conference on the Study of the Stratosphere, which 
met in Leningrad in March 1934. The following 
year the proceedings of the conference were published 
by the U.S.S.R. Academy of Sciences. 

This new rocket technique was so enthusiastically 
received by the scientific and technical community 
that an All-Union Conference on the Use of Rocket 
Devices for the Investigation of the Stratosphere 
was held in Moscow in March 1935. The proceed 
ings of the Conference bear unmistakable evidence 
of native competence in the various aspects of 
rocketry and space flight, and clearly indicate that, 
more than two decades ago, the Russians possessed 
a relatively high degree of technical sophistication. 

Quick to realize the tremendous military potential 


of the rocket, the Soviets had organized a government 
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Soviet 


F. J. Krieger 


sponsored rocket 
research program by 
1934—only years 
after Germany had 
embarked on __ its 
rocket program, but § 
years before similar 
systematic Army 
sponsored research be- 
gan in the United 
States. Publication of 
original papers on rock- 
etry was summarily sus- 
pended for security rea- 
sons. 

Two important figures 
during this develop 
mental period were V. P 
Glushko and S. P. Koro- 
: lev, specialists in design 

ED SM TH ing rocket engines and 
rocket vehicles, respec- 
tively. They were 
elected to full membership in the august U.S.S.R 
\cademy of Sciences in 1958. 

After World War II, the Soviets thoroughly and 
systematically exploited not only German rocket 
power plants and guidance and control equipment, 
but also German technical personnel. Returnees 
have indicated that German talents were used to 
re-establish the state of the art in rocketry as it had 
existed in Germany in 1945 and to carry out funda 
mental research and design work under Soviet guid- 
ance, which led to the development of the Soviet 
Union’s current large-thrust rocket engines. 

By 1949, the Soviets had embarked on an upper 
atmosphere rocket research program that involved 
the recovery, by parachute, first of test-instrument 
containers and later of experimental animals. Papers 
dealing with this program were not presented, how 
ever, until December 1956, when a delegation of 
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Space Experiments and Astronautics 


The RAND Corporation 


“The tendency to overengineer a system and the consequent increase in its 


unreliability have plagued and embarrassed American rocket and missile experts 


again and again. 


The Soviets, however, by stressing fundamental principles and 


simplicity in design, have apparently developed the happy faculty for making proper 


executive decisions in the manufacture or use of computer-based control systems 


and determining which of several automatic control concepts is the best.” 


Dr. Krieger is a physical scientist at RAND 
in Santa Monica, Calif. He holds degrees 
from St. John's College (Toledo, Ohio), Ohio 
State University, and the University of Notre 
Dame. With RAND since 1946, his fields of 
research include the chemistry and physics of 
rocketry and astronautics, and the science 
capabilities of the Soviet Union. Dr. Krieger 
is the author of a number of papers on the 
transport properties of polar gases, the 
physical properties of chemical and nuclear 
rocket propellants, and Soviet science and 
astronautics. He is also the author of 
Behind the Sputniks (1958), a book describing the development of 
astronautics in the Soviet Union. 


thirteen scientists attended the First International 
Congress on Rocket and Guided Missiles in Paris. 
Two of the papers presented by the Soviets revealed 
the prodigality of their rocket test program. In the 
Soviet experimental technique, the measuring in- 
struments are not carried in the rocket itself but in 
automatically jettisoned containers, the results being 
recorded on film and the containers recovered by 
parachute. The papers were entitled ‘Study of the 
Upper Atmosphere by Means of Rockets at the 
U.S.S.R. Academy of Sciences,” by S. M. Poloskov 
and B. A. Mirtov, and “Study of the Vital Activity 
of Animals During Rocket Flights Into the Upper 
Atmosphere,”’ by A. V. Pokrovskii. 

The paper by Poloskov and Mirtov describes an 
instrument container, 2 meters long and (0.4 meter 
in diameter, used for upper-atmosphere research. 
It is essentially a metal cylinder divided into three 
sections. The lower section is hermetically sealed 
and contains power supplies, ammeters, a camera, 
and the program mechanism that controls the opera- 
tion of all the instruments in the container. The 


center section--which is open to the atmosphere 


houses evacuated glass sampling flasks, thermal and 
ionization gages, etc. The upper section contains a 
parachute and is also hermetically sealed. A set 
of spikes in the bottom of the container ensures a 


vertical landing. The container is jettisoned auto- 


matically in the descending (Continued on page 28) 
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Fig. 1. General flight plan of animals launched in geophysical rockets. 
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S OME OF THE more recent works which have appeared 
in the open Soviet literature in the area of inviscid 
hypersonic aerodynamics will be summarized in this 
paper to the extent possible. By recent we shall gen- 
erally mean from about 1958, or 1959, to the present, 
although in some instances we shall have recourse to 
refer to earlier works. In order to give the reader 
some idea as to the individuals engaged in research in 
this area, and their contributions, we have listed 
the Soviet references together in alphabetical order 
(following the Latin transliteration). Although we 
have tried to summarize those Russian papers which 
present results not appearing in the Western litera- 
ture, inevitably, some of this information is to be 
found in currently available papers outside the 
Soviet Union. We shall, however, limit our com- 
parisons with, and references to, Western researches 
in order to present the clearest possible picture of the 
Soviet advances. Because of the large number of 
Soviet papers which have recently become available, 
the descriptions of both the methods used and the 
results obtained must necessarily be brief. There- 
an attempt has been made to subdivide the 
field appropriately in a way best suited to giving 


fore, 


This study is part of a hypersonics research program sup- 
ported by the Fluid Dynamics Research Laboratory of the 
Aeronautical Research Laboratories, WADD, under Contract 
No. AF 33(616)-5442. 

Dr. Probstein was on leave of absence (1960-61) as Guest 
of the Institute, Dept. of Mathematics, M.I.T., Cambridge, 
Mass. 

The author wishes to acknowledge the John Simon Gug- 
genheim Memorial Foundation for the support given him 
while a Guggenheim Fellow during which time the work on 
this paper was carried out. 
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descriptions of the areas in which work has been 
progressing, to referencing as many as possible of 
the published papers, and to giving a brief descrip- 
tion of those works judged to contain the more im- 
portant results. 

Most of the work carried out in the Soviet Union 
in the field of inviscid hypersonic aerodynamics prior 
to the period covered by this paper may be found in 

excellent monograph written by Prof. G. G. 
Chernyi!*® of the Mechanical-Mathematical Faculty 
of Moscow University. This book has now been 
translated into English and will be available at about 
the time of publication of this article. In some in- 
stances, topics which are covered in this text will 


be mentioned here. 

It is difficult, just as in the United States, to define 
any single feature behind the work carried out in the 
Soviet Union. Still, it is probably fair to say that a 
good deal of emphasis has been placed on lifting 
hypervelocity flight. In this regard, it is not pos- 
sible to say whether the emphasis is placed in con- 
nection with lifting re-entry, hypervelocity gliding 
flight of the ““Dyna-Soar”’ type, or simply because 
it is clear that high-velocity configurations of the 
future must necessarily be high performance ones 
in the traditional aerodynamic sense. Nevertheless, 
it is worthwhile to note that Prof. Chernyi writing 
probably around 1957 or 1958) about flight at 3 to 
\0 km/see in his book said, ‘“The time is near at 
hand when lifting vehicles will also attain these 
velocities.” 

In the studies of inviscid hypersonic aerodynamics 
two major lines of interest can be distinguished 
among Russian workers in the field: (1) the ex- 
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Recent Soviet Advances in 
Inviscid Hypersonic Aerodynamics 


Ronald F. Probstein, MIAS, Division of Engineering, Brown University 


Information found in currently available Soviet Union papers 


is summarized in a manner designed 


to present the clearest possible picture of USSR advances. 


ploitation of unsteady solutions (particularly so- 
called self-similar ones which depend on only a 
single independent variable) to steady slender body 
hypersonic aerodynamics, and (2) the development 
of methods for analyzing three-dimensional flows. 
The use of unsteady flow solutions rests upon the 
equivalence principle of Hayes,*! whereby a steady 
hypersonic flow past a slender body is shown to be 
equivalent to an unsteady flow in one less space 
dimension. In the Soviet Union, the theory of self- 
similar unsteady motions has received much atten- 
tion, particularly in with explosion 
authors predominant in this 
area. are Academician L. I. Sedov of Moscow Uni- 
versity, and Prof. K. P. Stanyukovich of the Bau- 
mann Institute in Moscow. The results of much of 
the research of these two authors and their students 
and colleagues may be found in their respective 
books, ® the latest editions of which have been 
translated into English. As a result of the natural 
continuation of the earlier work, many of Sedov’s 
students and colleagues connected with his research 


connection 


problems. The two 


Dr. Probstein is professor of engineering at 
Brown University, and is also a consultant 
on hypersonic and rarefied gas flows to the 
Avco-Everett Research Laboratory and the 
Avco Research and Advanced Development 
Division. He holds a B.M.E. degree from 
New York University and an M.S.E., A.M., 
and Ph.D. from Princeton University. He has 
taught at New York University and after re- 
ceiving his Ph.D. spent 2 years on the 
faculty of aeronautical engineering | at 
Princeton before his tenure at Brown in 1954. 
During the past year he has been on a Gug- 
genheim Fellowship at Massachusetts Institute of Technology. Dr. 
Probstein is a Fellaw of the American Academy of Arts and Sciences. 


group at Moscow University have developed ap- 
plications of self-similar and related unsteady flow 
solutions to the area of hypersonic aerodynamics, 
some of which will be described in this paper. 

Due to the difficulty in obtaining exact analytic 
solutions to three-dimensional flow problems, par- 
ticularly in the hypersonic speed range, some effort 
is being expended in the Soviet Union on numerical 
and partially numerical methods of solution. Al- 
though it is not possible to single out one group 
actively engeged in such studies one can, neverthe- 
less, point to a reasonable effort in this area at the 
Computing Center of the Soviet Academy of Sciences 
under the direction of the well-known aerodynamicist 
Academician A. A. Dorodnitsyn who, among other 
positions, serves as the Center’s director. In such 
problems as inviscid three-dimensional flows where 
the equations and physics are well understood, 
Dorodnitsyn told the author on a visit to the Com- 
puting Center that he felt ‘the digital computer 
was today the experimental tool to replace the older 
experimental tools such as wind tunnels,’’ which he 
considered at best to be ‘‘analog’’ computers. We 
may conjecture that concurrently with the investi- 
gation of three-dimensional inviscid flows three 
dimensional boundary layers are also being studied 
numerically. 

Although I have indicated two definite lines in 
which hypersonics research is, at present, progressing 
in the Soviet Union, we may note that there is also 
considerable attention being devoted to other areas, 
as evidenced to some extent by the summary pre- 
sented in the following sections. 

(Continued on page 68) 
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Research Organization 


Soviet Aeronautical Scientists: 


How They | 


Leon Trilling, Massachusetts Institute of Technology 


fork and Where They Publis’ 


A brief account of the Soviet aerospace effort, explaining the role of the 


Academy of Sciences and its various institutes, the operation of the ‘'multiple-hat” 


system, and the more recent publication policies. 


typical journals and monographs is included. 


- RECENT SPECTACULAR success of Soviet space 
engineering has raised the question of whether Soviet 
scientists are 9 ft tall or have discovered new 
methods of operating. This paper will attempt to 
show that neither of these statements is true, but 
that Soviet space achievements are the result of 
hard work and of emphasizing that field at the ex 
pense of some others. 

The Soviet state is motivated by 
values 


ideological 
it is dedicated to the defense and propaga- 
tion of the faith either by persuasion or by exercise 
of power. Scientific development, particularly the 
exploration of space, is an effective tool of persuasion 
and power, and therefore receives high priority in the 
Soviet scheme. 

That research and development are important in 
the Soviet plan is suggested by the remarkable 
growth of the research and development budget 
(Fig. 1). In 1959 it accounted for some 3.5 percent 
of the estimated Gross National Product (compared 
to 2.9 percent in the United States). The distribu- 
tion of effort among the various fields of activity 
(Fig. 2) demonstrates how the nature of a modern 
industrial society in the Cold War sets the pattern 
regardless of social system. 

Fig. 3 shows the distribution of technically 
trained personnel among the various tasks of re- 
search, development, design, production, and opera- 
tion. The Soviets stress basic and applied research; 
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The author, who in November 1958 was a 
member of the U.S. Engineering Mission to 
the U.S.S.R. (sponsored by the Department 
of State, financed by the National Science 
Foundation, and organized by the American 
Society for Engineering Education), is Asso- 
ciate Professor of Aeronautics and Astro- 
nautics, and a Senior Staff Member, Center 
for International Studies, at M.I.T. Born in 
Poland in 1924, Dr. Trilling received his 
early education in France and earned B.S., 
M.S., A.E., and Ph.D. degrees at the Cali- 
fornia Institute of Technology between 1941 
and 1948. In 1950 and 1951, he undertook studies at the University 
of Paris as a Fulbright Research Scholar. He is Editor of Applied Mathe- 
matics and Mechanics and serves on the Publications Committee, ASEE 


they design small numbers of prototypes, but they re 
quire a very large operating force. The relative 
youth and initial underdevelopment of their indus 
trial society forced this pattern upon them as the 
one most likely to optimize the performance of some 
key hardware with little consideration of production 
cost. This Soviet concentration of effort, a little 
higher on the abstraction scale than in the United 
States, is made easier by the lack of competition in 
the design of hardware. Since the new practical 
knowledge produced by applied research is the stufl 
from which new products are made, insistence on 
applied research is another facet of the Soviet policy 
of priority on producer goods. As the skill level o! 
their working force and the sophistication of their 
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tooling increase, the Soviets may be expected to 
strike out on their own more often and to find new 
solutions for old engineering problems. 


Administration of R&D 


fhe administration of Soviet R&D is based on 
five operational principles: 

|) The setting of strict priorities ensures the 
allocation of resources and personnel first to those 
tasks which the party and national leadership deem 
most urgent. Incidentally, the policy-makers are 
technically literate and alert to the potential of 
applied science, but the scientific community offers 
advice on how things can be done, not on which 
things should be done—like ballet dancers and piano 
virtuosos, they are valuable, well-kept tools, rather 
than decision-makers. 

2) The functions of research, development, and 
production are rather completely separated through- 
out Soviet industry. Scientists are generally trained 
at universities; research engineers and designers, at 
leading engineering institutes (both civilian and 
military); and engineers, at the remaining engineer- 


ing institutes. This pecking order was originally 


the result of the need to concentrate scarce available 
teaching and design talent in a few central locations; 
having been set, it tends to perpetuate itself. 

(3) The Soviets strictly abide by the principle of 
single responsibility (yedino-nachalstvo). This was 
the method of operation of the Communist Party 
when it was a militant, revolutionary group, and dur- 
ing the industrialization drive of the Thirties. 
While it has lost the intensity of its earlier days, when 
factory managers seldom held their jobs for more 
than 3 years, it remains a method for selecting the 
ablest managers, putting them to work in priority 
jobs, and sacrificing other areas as a result. 

(4) The Soviets have always relied on special task 
forces put together to carry out specific jobs. This 
method of operation is essentially the corollary of 
the principle of single responsibility—-when a man 
is assigned a task, he puts together a team to help 
him with the job. Since R&D is treated as an in- 
strument of national policy, its stated objectives are 
specific and concrete. Much R&D is programed as a 
sequence of definite short- and medium-range 


tasks—e.g., the develop- (Continued on page 38) 
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W. B. Nottingham 


iis CONVERSION of heat to electricity demands 
a device which accepts heat at its input, rejects 
excess heat at its output, and generates a driving 
voltage which can put current through an external 


load. The thermionic diode is such a device. It 


has an electron emitter which accepts the heat and 
delivers electrons for transport through an interven- 
ing space to the electron collector. The collector 
also receives heat which must be discharged by 
some cooling mechanism. 

Fig. | illustrates the fact that the current flow is 
predominantly controlled by the properties of the 


emitter and the transport mechanism. The voltage 


output also depends directly on the transport mech- 
anism and on the collector work-function. The 
desired properties are summarized by Fig. 1 in 
that the emitter should operate at a high tempera- 


ture and yet have a low work-function. Pure tung- 


This work was supported in part by the U.S. Army Signal 
Corps, the Air Force Office of Scientific Research, and the 
Office of Naval Research. 


Professor Nottingham received his B.S.E.E. 
degree from Purdue Univ. (1920), his M.A 
from Princeton Univ. (1926), his E.E. from 
Purdue (1929), and his Ph.D. from Princeton 
(1929). From 1931 to the present, he has 
been Professor of Electron Physics at M.I.T. 
He was a Benjamin Franklin Fellow of the 
American Scandinavian Foundation, Uppsala, 
Sweden (1920-21); a Bartol Research 
Foundation Fellow of the Franklin Institute 
(1926-31); and was awarded the Louis 
E. Levy Medal of the Franklin Institute (1932). 
He is a fellow of the IRE, the American 
Physical Society, and the American Academy of Arts and Sciences. He 
is also a member of the American Association of Physics Teachers, Eta 
Kappa Nu, and Sigma Xi. The author of numerous articles and pub- 
lications, he contributed the thermionic emission section to the Hand- 
buch der Physik, published in Berlin (1956), and has written the therm- 
ionic emission section of the Encyclopaedia Brittanica soon to be pub- 
lished. 
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Energy Conversion 


Thermionic 


G. N. Hatsopoulos ° E. N. Carabateas 


Research Laboratory of Electronics, M.I.T. 


sten has a relatively high work-function, and yet in 
the presence of a sufficiently high concentration of 
cesium vapor, a low work-function can be obtained as 
a result of absorption of cesium atoms on the surface. 


The transport mechanism in most low-powered 
diodes is through the evacuated space. <A _ high- 
powered diode requires a high current density to 
be transported, and ultra-close spacing is therefore 


demanded. Spacings as close as 10 microns are 
difficult to maintain for a long period of time, and 
even this spacing is marginal as higher power 


density is required of the device. The introduction 


of cesium vapor combined with some method of 
ionization permits the designer to create a plasma 
diode. Years of experience with gas discharge 
phenomena have demonstrated that a plasma is 
characterized by the fact that equal numbers of 
positive ions and electrons create a highly conduct 
ing mechanism free of space charge limitations. The 
presence of such a plasma can operate even to 


accelerate the electrons from the emitter into the 


Dr. Hatsopoulos attended Athens Polytechnic 
School of Mechanical and Electrical En- 
gineering and M.I.T. He received the de- 
grees of B.S. (1949), M.S. (1950), M.E. 
(1954), and Sc.D. (1956), all in mechanical 
engineering, from M.I.T. and is currently 
Associate Professor in Mechanical Engineer- 
ing, and has directed several M.I.T. research 
projects in thermodynamics, thermionics, and 
magnetohydrodynamics. He is Consultant 
to various engineering firms in the Boston 
area; Chief Engineer of Matrad Corp., New 
York; and President of Thermo Electron En- 
gineering Corp., Waltham, Mass. In 1960, he received the Pi Ta 
Sigma Gold Medal Award for Outstanding Achievements in the Field 
of Engineering for the years 1950-60. A member of Sigma X 
ASEE, and ARS, Dr. Hatsopoulos has published some 30 papers o 
thermodynamics, thermionics, thermoelectricity, and magnetohydro 
dynamics. He holds several basic patents in the thermionic conversio 
field 
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Conversion of Heat to Electricity 


‘It has been possible to carry through an interpretive theory 


which supports the general nature of the motive diagrams 


presented here as typical of plasma diode operation."’ 


plasma space. Under some modes of operation, 
this injection of emitted electrons helps to maintain 
the plasma condition. The presence of a high 
cesium density required to maintain the low work- 
function of the emitter can inhibit the dow of elec- 
trons through the space between the emitter and 
the collector, even though the space charge is 
neutralized. It is advantageous to think in terms 
of emitter-to-collector spacing that is as short as 
it is practical to construct and preferably not more 
than 10 to 20 mean free paths of electrons in cesium 
vapor at these high densities. 

Again, cesium plays an important part at the 
collector surface since its adsorption on the surface 
operates to create a very low work-function. An 
objectionable backflow of electrons fro:n the collector 
would arise unless this low work-function surface is 
maintained at a sufficiently low temperature. For 
efficient direct conversion, the collector should be 
cooled to 900°K (1,650°F) or lower. 

These introductory remarks are made in order to 
prepare for a more detailed discussion of each of the 
three essential components of the thermionic diode 
energy converter 


Dr. Carabateas obtained a B.S. degree in 
mechanical and another in electrical en- 
gineering from the National Technical Uni- 
versity of Athens, Greece (1955). He re- 
ceived a M.S. (1957), a M.E. (1958), and a 
Sc.D. (1959) degree in mechanical engineer- 
ing from M.LT. The subject chosen for his 
doctoral thesis was magnetogasdynamic 
energy conversion. In his present capacity 
as Assistant Professor in Mechanical En- 
gineering at M.LT., he is in charge of the re- 
search projects being undertaken there on 
cesium thermionic energy conversion. Dr. 
Carabateas is a member of Sigma Xi. He has written and has had 
published five papers in the fields of thermodynamics, thermionics, and 
agnetogasdynamics. 


Thermionic Electron Emitter 


An efficient converter demands that the emitter 
be capable of giving out an electron current density 
of not less than 10 amp/cm? and preferably two or 
three times this much. Pure tungsten will deliver 
currents this large if operated at a temperature 
near 3,000°K. Such a high temperature causes the 
emitter to evaporate at a prohibitively high rate. 
Fortunately, sufficient cesium will absorb on a tung- 
sten surface, even at tungsten temperatures near 
2,000°K if the cesium pressure is high enough. 
Adsorbed cesium lowers the tungsten work-function 
and permits the desired high current densities at far 
lower temperatures than otherwise. If the true 
work-function of a surface is known at the operating 
temperature, then Eq. (1) permits the correct eval- 
uation of the current density available for use in a 
thermionic converter. 


amp (1 


This equation shows that the current densiiy / 
is uniquely determined by the emitter temperature 
7 and the true work-function ¢. The electron 
charge is g, Boltzmann’s constant is k, and the base 
of the natural logarithms is e. 

The heated emitter serves still another important 
purpose since a small fraction of the cesium atoms 
that evaporate from the surface continuously come 
off as positive ions. The ionization potential of 
cesium defined as the electron energy necessary to 
remove one of the electrons from a neutral cesium 
atom is 3.89 volts. The experimental studies of 
Irving Langmuir and his colleagues have established 
that nearly every cesium atom that hits a clean 
tungsten surface maintained at a sufficiently high 

(Continued on page 82) 
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Propulsion Systems’ —Nuclear Applications 


ceptual Nuclear Propulsion System for 


_ Ground Effect. Machines 


Fig. 1. Nuclear-powered GEV at sea. 


a CONSIDERING what nuclear power has to offer in 
the propulsion of ground-effect machines (GEM), 
one finds two possible advantages 
power: (1) 


over chemical 
virtually infinite endurance, and (2) 
capability of carrying heavier cargos more cheaply 
in large size vehicles over long distances. 

The first advantage is primarily of interest for 
specialized military vehicles, not necessarily of great 
size, and is considered further here. The second one 
applies to relatively large vehicles of thousands of 
tons gross weight and results from the well-known 
fact that the weight and cost of a nuclear reactor 
and its shield per mw of power developed decreases 
rapidly as the power increases. Since GEM effi- 
ciencies also increase with increasing size, the ap- 
plication of nuclear power to large ground-effect 
machines offers great promise. For the near future, 
however, a minimum size nuclear vehicle retaining 
the first advantage is of special interest because it is 
likely to be the first to find a use. 

This paper describes a vehicle and its power plant 
which is believed to be the smallest useful size capa- 
ble of carrying a nuclear system. Possible applica- 
tions for such a vehicle include a mobile power plant, 
an ASW vehicle, a mobile missile-launching plat- 
form, and others. These are discussed at the end 
of the paper. 
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Vehicle Characteristics 


General Description 


A vehicle of approximately 306 tons gross weight 
is considered, and of this weight about 15 tons is use- 
ful load. An artist’s conception of this vehicle is 
shown in Fig. 1. The equivalent diameter of the 
vehicle is about 125 ft. The base pressure of 5() psi 
is to be established and maintained through means 
of an annular jet configuration. The maximum 
hovering height will be over 5 ft and the top speed 
is estimated to be over 100 knots. 

A clipped-delta planform is used so that the separa- 


Mr. Westmoreland received the B.M.E. de- 
gree from Cornell University in 1948 and the 
S.M. degree (mech. engrg.) from the Mas- 
sachusetts Institute of Technology in 1954. 
From 1948 to 1953, he was Project Leader 
at the National Bureau of Standards, con- 
ducting basic research in the high-pressure, 
high-temperature thermodynamics of gases 
and fluid flow. The following year he was a 
research engineer at M.I.T. on a project con- 
cerned with the thermal aspects of high-speed 
internal gas flows. From 1955 to 1959, he 
participated in the nuclear submarine pro- 
pulsion program at G-E's Knolls Atomic Power Lab., where his areas of 
concern were in thermal stress analysis and thermodynamic, hydro- 
dynamic, and structural strength analysis of nuclear submarine power 
plants. At General Atomic, Mr. Westmoreland is engaged in pre- 
liminary design studies of compact nuclear systems for the John Jay 
Hopkins Lab. for Pure and Applied Science. 
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Application of nuclear propulsion system to GEM to determine smallest size 


vehicle for which the installation of a nuclear power plant would be feasible is 


studied. 


power source. 


A closed-cycle helium-cooled system was considered as the nuclear 


Hovering and forward flight performance determine power 


requirements of a vehicle capable of lifting its own structure, power plant, 


and 5 percent of the total weight as cargo and crew. 


J. C. Westmoreland ° 


J. E. Loos, MIAS 


J. B. Dee 


tion distances between the reactor, which must be 
located near the centroid of the base area, and the 
crew, which can be located at the apex of the tri- 
angle, is as great as possible to minimize shield 
weight. This planform may also have an advantage 
in that the center of pressure of aerodynamic lift 
may coincide more closely with that of the lift due 
to ground effect. 

Air for sustaining the annular jet enters through air 
ducts which project from the top of the vehicle at 


the bow and amidships. Navigation and control of 


the vehicle are performed from a compartment atop 
the forward air intake. Radar facilities are mounted 
in the supporting pylon of this structure. 

Fig. 2 shows the reactor and other power-plant 
components grouped together near the centroid of 
the base area. In this layout, the power turbines 


Mr. Dee was awarded his B.S. degree (mech. 
engrg.) from Duke Univ. in 1949, and his 
M.S. (physics and nuclear engrg.) from North 
Carolina State College in 1952. He gained 
extensive experience in the reactor physics 
and shielding of lightweight power reactors 
for aircraft propulsion at CANEL of Pratt & 
Whitney, as well as when on loan to ANP 
Group at ORNL to develop shield design 
methods and design and analysis of support- 
ing shielding. At CANEL later he was re- 
sponsible for reactor physics calculations 
supporting the design of several specific 
reactors. At John Jay Hopkins Lab., General Atomic, Mr. Dee has 
made nuclear engineering analyses for MGCR and TRIGA. As a 
member of the Reactor Concepts Project, he is engaged in reactor 
physics and shielding studies for advanced reactor applications includ- 
ing compact gas-cooled reactors, Zr-H moderated reactors for un- 
attended operating, and liquid-metal-cooled fast reactors for space 
power applications. 


General Atomic, Division of General Dynamics Corp. 


Convair-San Diego, Division of General Dynamics Corp. 


drive electric generators which, in turn, supply the 
power to a number of motor driven fans mounted 
directly over the annular jet. Air for the heat sinks 
is drawn from the plenum by the appropriate 
blowers. 

In a second arrangement considered, the blowers 
are driven directly by the power turbines (Fig. 3). 
This is the arrangement that is used for the discus- 
sions of the power plant components. The air for 
the annular jets enters the inlets located amidships, 
passes through the main ducted fans, and then enters 
the plenum where the power-plant components are 
located. The air for the heat sinks enters the for- 
ward inlets. After passing through the heat sink, 
this air.can be either directed into the annular jet 
or ducted aft to provide forward thrust. 

In hovering, all of the air (Continued on page 59) 


Mr. Loos holds the B.S.M.E. degree (1951) 
and the M.S.M.E. degree (1952), both from 
the University of Illinois. In 1952 he joined 
the thermodynamics group at Convair where 
he did design and development work on jet 
aircraft propulsion systems. This work in- 
cluded planning, conducting, and analyzing a 
series of scale model wind-tunnel tests and 
determination of propulsion systems per- 
formance including inlet, ejector, and other 
effects. Mr. Loos assisted in the develop- 
ment of the supersonic inlet control system 
for the F-106. He also assisted in planning 
and conducting flight-test programs on the inlets and propulsion sys- 
tems of the F-102 and F-106. Early in 1959, he was assigned to 
preliminary design where he acted as Project Leader on company- and 
Navy-sponsored ground effect machine studies. He has since been ac- 
tive in proposal preparation for continuing GEM studi Mr. Loos is a 
member of the IAS. 


July 1961 + Aerospace Engineering 


17 


f 


Propulsion Systems—Nuclear Applications 


A Study of 
Manned | N 


Lew 
Dr. Himmel received his B.M.E. degree from 
the College of the City of New York and 
his M.S. and Ph.D. from Case Institute of Reg 
Technology. He joined the staff of the : 


Lewis Research Center in 1948, and cur- 
rently is Chief of the Mission Analysis 
Branch. His research activities have covered 
a variety of fields including engine perform- 


ma 


the 


ance and cycle analysis, engine dynamics use 
and controls, rocket vehicle performance, 
trajectories, and analyses of advanced air- 
craft and space vehicles. He is a member 
of Tau Beta Pi, Pi Tau Sigma, and the ARS, 
and is an Associate Fellow of the IAS. 
Mr. Dugan is Head of the Flight Systems a 
Section, Mission Analysis Branch, at the pA 
NASA Lewis Research Center. He received 
a B.S. (aero. eng.) in 1947 and an M.S. the 
(eng. mech.) in 1948, both from the Uni- Fr 
versity of Notre Dame. Mr. Dugan joined 
the staff of the Lewis Research Center (then tel 
under NACA) in 1948 and has done research ex] 
in axial-flow compressor theory and per- 
formance, one- and two-spool gas-turbine M: 
matching studies, performance of turbofan of 
and hydrogen expansion engines, and inter- 
planetary trajectories. pa 
In 
Mr. Luidens graduated from the University ho 
of Michigan in 1944 with a B.S. in aero- vO 
nautical engineering. In 1946 he joined the 
Lewis Research Center (then under NACA) at 
where he has done research in a variety of m 
fields related to supersonic flight. His : 
published reports have dealt with air ti 
turborocket and ram-jet engines, engine air- 
frame arrangements, airplane range capa- 
bilities, experimental investigations of super- ge 
sonic inlets and airplane configurations, and th 


theoretical studies of external supersonic 
combustion. In 1958 he was made a con- us 
sultant to the Mission Analysis Branch where he has made contributions 
in“the fields of atmospheric entry, heating, and heat protection. 


Mr. Weber received his Bachelor's and ‘ 
Master's degrees in mechanical engineering \ 
from Yale University. He joined the Lewis 
Research Center in 1951, where he has 
conducted research in the general areas of K 
cycle analysis and mission studies. Since 
1957 he has been Head of the Propulsion 
Section, Mission Analysis Branch. His pub- d 
lished papers have included such areas as 
conventional, nuclear, and supersonic-com- 
bustion ram-jets, air turborockets, thermo- g 
dynamic properties of gases, lunar trajec- 
tories, and multistage rocket performance. 
He is a member of Tau Beta Pi, Sigma Xi, and the ARS, and is an n 
Associate Fellow of the IAS. 


18 Aerospace Engineering + July 1961 


| 
ig 
Bid. TE 
| 3 
4 
4 


ins 


an 


Nuclear-Rocket Missions to Mars 


S. C. Himmel, AFIAS e J. F. Dugan, Jr., AFIAS e R. W. Luidens, AFIAS e R. J. Weber, AFIAS 


Lewis Research Center, NASA 


Requisile system weights for round trips lo Mars from Earth orbit with a seven- 
man crew are presented. Within the limitations of current knowledge, 


the effects of mission duration, radiation environment of space, and the 


use of atmospheric braking are evaluated. 


A 


Bh MAJOR GOAL of those engaged in astronautics is 
the exploration of the planets of our solar system. 
From what is known currently about our solar sys- 
tem, the most promising celestial body for manned 
exploration, aside from the Moon, is the planet 
Mars. The problem discussed in this paper is that 
of determining system requirements for taking a 
party of men to Mars and returning them to Earth. 
In the process of examining this problem, it is 
hoped that the influences of the major factors in- 
volved in such an undertaking shall be illuminated 
at least as far as current knowledge of the environ- 
ment of space, human factors, and the characteris- 
tics of propulsion systems will permit. 

There have been many other studies of the 
general subject of trips to Mars. For the most part 
they have been concerned with particular missions, 
usually those that require a minimum expenditure of 
propulsive energy. A notable exception is the study 
made by Ehricke,' wherein the requirements for 
fast, manned, reconnaissance trips to Mars and 
Venus were studied in rather great detail. A more 
recent study? of a specific fast trip to Mars is that of 
Konecci et al., in which the problem of shielding 
against nuclear-engine radiation was treated in 
detail. This study examines the manned Mars 
mission in nuclear-rocket vehicles from a more 
general viewpoint. In the course of the analysis the 
eilects of atmospheric braking, the radiation environ- 
ment of space, and mission duration will be inves- 
tigated. In this manner, it is hoped that it will be 


possible to determine whether a particular trip, or 
class of trips, offers any significant advantages. 

A particular mission profile (Fig. 1), considered 
to be representative of early manned missions, has 
been selected as the basis of this study. The mission 
begins with the vehicle system in an orbit about the 
Earth. Depending on the weight required for the 
mission, it can be inferred that the system has been 
delivered as a unit to the orbit—or that it has been 
assembled in the orbit from its major constituents. 
At the proper time, the vehicle containing a crew 
of seven men is accelerated by a high-thrust nu- 
clear-rocket engine onto the transfer trajectory to 
Mars. Upon arrival at Mars, the vehicle is de- 
celerated to establish an orbit about that planet. 
During a specified wait period, a Mars Landing 
Vehicle containing two men descends to the Martian 
surface using atmospheric braking to effect the re- 
quired deceleration. After a period of exploration 
these men take off from Mars using chemical-rocket 
power and effect a rendezvous with the orbit party. 
The return vehicle then accelerates onto the return 
trajectory; and, upon reaching Earth, an Earth 
Landing Vehicle separates from the return vehicle 
and decelerates to return the entire crew to the 
surface. 

From an engineering point of view, we are con- 
cerned with the weight and size of vehicles required 
to perform such missions. Two major factors act 
to determine these quantities. The first is the 
velocity increment (AV) (Continued on page 51) 
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Supersonic Induced Ro! 
Cruciform Wing Body Configurat 


GUIDED MISSILES employing wings of 
cruciform arrangement have been found to develop 
aerodynamic rolling moments which are functions 
of the angle of attack, the bank orientation of the 
wings, and the control surface deflections. These 
rolling moments tend to misdirect maneuvers by 
rolling the missile, and, unless they are counteracted 
by roll-control measures, the flight path control ac- 
curacy is apt to deteriorate at a crucial time. It is 
generally accepted that the absolute magnitude of 
the induced rolling moment is of primary concern. 
When dynamic behavior is to be considered, how- 
ever, the rates of change of rolling moment with re- 
spect to both angle of attack and bank orientation 
are important and must be available for analyses of 
pitch-roll-yaw coupling phenomena. 

Induced roll phenomena, which could be signifi- 
cant for some configurations at low angles of attack, 
become of increased importance as the angle-of- 
attack range is extended for the purpose of increas- 
ing maneuverability. The source of these high- 
angle-of-attack problems has been found to be as- 
sociated with body-wing interference, particularly 
for configurations having tail-span to wing-span 
ratios appreciably less than 1.00. This predomi- 
nance of the body-wing interaction is in contrast to 
some earlier low-angle-of-attack aerodynamic prob- 
lems which were attributable to wing-tail interference 
effects.' 

Without the mitigation of these induced rolling 


This research was supported by the Bureau of Ordnance, 
USN, under Contract NOrd 12826 and is part of a comprehen- 
sive research program administered under the Bumblebee 
Project by the Applied Physics Lab., The Johns Hopkins 
University, Baltimore, Md. 
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J. F. Mello, MIAS) K. R. Sivier, MIAS 


McDonnell Aircraft Corporation 


moments, high-angle-of-attack maneuvers in some 
cases may be precluded or in other cases result in 
increased control system complexity, increased size 
of the roll-control surfaces, or increased maximum 
Such alternatives 
usually result in overall performance degradations. 


deflections for these surfaces. 


Chis paper presents the results of an experimental 
investigation of the induced roll characteristics of 
cruciform-wing-plus-body configurations. The in- 
vestigation was conducted in order to increase the 
basic knowledge of high-angle-of-attack body-wing 
interference phenomena and in order to permit a 
comprehensive analysis of the general effects of 
configuration geometry, flight attitude, and Mach 
number on induced rolling moments. 


Mr. Mello received his B.S. degree in aero- 
nautical engineering from the Massachusetts 
Institute of Technology in 1952. Since 
graduation he has worked in the Aero- 
dynamics Department, Missile Engineering 
Division, of McDonnell Aircraft. He has 
been concerned primarily with guided mis- 
sile stability, control, and performance, and 
with associated applied research. He is 
currently Project Aerodynamics Engineer re- 
sponsible for the aerodynamics work on 
the Long-Range Typhon missile project. 


Mr. Sivier received his B.S. degrees in aero- 
nautical engineering and engineering mathe- 
matics from the University of Michigan in 
1951. After 2 years with ARO, Incor- 
porated, at the AEDC, he entered Princeton 
University, where he served as a Research 
Assistant at the Gas Dynamics Lab., For- 
restal Research Center, until receiving his 
M.S. in aeronautical engineering in 1955. 
He has been with McDonnell Aircraft since 
+4 that time and spent 2!/2 years as an Aero- 
te” Aa dynamics Engineer with the Missile Engineer- 
ing Division. Currently he is Senior Group 
Engineer, Gas Dynamics Lab., in charge of gasdynamics for the Hyper- 
velocity Impulse Tunnel. 
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Results of wind-tunnel tests, in which the body-wing induced rolling moment, 


wing panel normal force, and wing panel spanwise center of pressure were obtained, 
are described and analyzed. Of the possible sources of induced 
rolling moments, the interaction of the body-wake vortices with the 


attached lifting surfaces is shown to be the most important. 


Sources of Induced Rolling Moments 


The possible major sources of induced rolling 
moments for generic cruciform-wing-plus-body con- 
figurations were discussed and evaluated by Kren- 
kel.’ Briefly, these sources are (1) rolling moment 
due to yaw, (2) inviscid-flow wing-wing interference, 
and (3) interaction between (Continued on page 44) 


Symbols 


body radius, cylindrical section 
single wing panel exposed span 
wing panel chord 
( rolling-moment coefficient, /qS,d 
Cyp = panel normal force coefficidut, Np qs: 
body diameter, cylindrical section 
incidence of wing panels relative to body axis 


Ky = inviscid flow wing-wing interference factor 
Ay = body upwash interference factor 
= rolling moment 
= Mach number 
\ = normal force 
V(y) = normal force influence function 
= dynamic pressure of undisturbed flow, (1/2) p0U0? 
= total semispan, a + b 
S body cross-sectional area, ma* 
Si = panel area, bc 
= free-stream velocity 
ly velocity component normal to wing panel chord 


plane 
= spanwise coordinate, measured from body axis 
= spanwise coordinate of wing panel center-of-pres- 
sure 
= angle of attack of body 
= cotangent of the Mach angle, YW M2 — 1 
B = body roll orientation 
= panel orientation angle, op 0° when panel is ‘at 
right side of body, and is positive clockwise 
looking upstream 
= free-stream density 
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Fig. 2. Variation of rolling-moment coefficient with angle of attack. 
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Control, Guidance, and Navigation 


Fig. 1. Visual presentation simulator. 


a PRESENTLY EXISTS an urgent need for the 
establishment of suitable, clearly defined flying 
qualities criteria for the design of V/STOL aircraft 
to acceptable levels of dynamic behavior and control 
response. The only available guides to date are 
the existing conventional aircraft and helicopter 
specifications and some tentative suggestions pub- 
lished by NASA from evaluations conducted on a 


Symbols 

& cycles to damp to half amplitude, cycles 

g unit of gravitational acceleration, 32.2 ft/sec? 

L roll acceleration due to thrust and aerodynamic 
moments, deg/sec? 

M pitch acceleration due to thrust and aerodynamic 
moments, deg/sec? 

N yaw acceleration due to thrust and aerodynamic 
moments, deg/sec? 

p roll rate, deg/sec 

q pitch rate, deg/sec 

r = yaw rate, deg/sec 

s Laplace transform operator, 1/sec 

T\/» = time to damp to half amplitude, sec 

—T = time to double amplitude, sec 

u forward speed, ft/sec 

lateral speed, ft/sec 

w vertical speed, ft/sec 

X = forward acceleration due to thrust and aero- 
dynamic forces, ft/sec? 

) lateral acceleration due to thrust and aero- 
dynamic forces, ft/sec? 

Z vertical acceleration due to thrust and aero- 
dynamic forces, ft/sec 

6 = appropriate control deflection unless otherwise 
noted, in. 

re = damping ratio 

@ = pitch angle, deg 

= real root, 1/sec 

o = bank angle, deg 

w = damped frequency, rad/sec 

, = natural frequency, rad/sec 


amplitude of oscillation 
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R. C. A’Harrah, MIAS, and S. F. Kwiatkowski, MIAS 
North American Aviation, Inc. 


variable stability helicopter. While the contribu- 


tions from NASA are undoubtedly valuable, the 
use of these criteria in a universal manner is pre- 
cluded by the development of the damping require- 
ments (lateral and longitudinal modes) only in 
terms of the angular rate damping (M,, Ly), while 
neglecting the effects of translation damping (Y,, 
J and angular acceleration due to change in 
speed (M,, L,), both of which can have an appre- 
ciable effect on the aircraft's dynamic characteristics. 

The purpose of this study was, then, to determine 
the basic dynamic parameters influencing pilot 
opinion, and to establish acceptance boundaries 
in terms of these parameters. 

The utilization of a flight simulator allows for 
economical and safe evaluation of the wide range of 


Mr. A’Harrah received his B.S. degree in 
aeronautical engineering from Pennsylvania 
State University in 1955. Since graduation 
he has worked at North American, Columbus 
Division, with the exception of a 1-year 
leave of absence to do graduate work in 
aeronautical engineering and teach at 
Ohio State University. He has been 
primarily concerned with the dynamic 
stability and control characteristics of 
supersonic and V/STOL aircraft and missiles, 

} ‘ and has recently been responsible for 
numerous simulator studies concerned with the evaluation of flying 
qualities of both supersonic and V/STOL aircraft. 


Mr. Kwiatkowski graduated in Engineering 
from Polish University College (University 
of London) in 1951. He did postgraduate 
work at the University of Toronto and 
M.LT. Until 1952 he was employed as 
research engineer by C.A.V. Ltd. in London, 
and then joined the Aerodynamics Depart- 
ment of Avro Aircraft Ltd. where he held 
the position of Chief of Stability and Control 
working on CF 100 and C 105 fighters 
and various V/STOL projects. In 1959 
he joined North American, Columbus Divi- 
sion, and is currently Group Engineer in charge of the aerodynam 
development of V/STOL projects. 
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Look at V/STOL Flying Qualities 


» Evaluation study producing tentative stability criteria for pilot acceptance. 


> Criteria presented in terms of basic dynamic characteristics, not a function of 


aircraft weight or inertia. 


» Also presented are effects on pilot opinion of lateral control cross coupling. 


parameters necessary to ensure results which 
would be considered general, and for the evaluation 


1 combinations of these parameters which would 
result in dynamic stability and control character- 


istics ranging from “satisfactory” to ‘‘unflyable.”’ 


Simulator Description 

The visual presentation flight simulator (Fig. 1) 
utilized in this investigation consisted of the fol- 
lowing: a stationary cockpit mockup with a func- 
tional control system and instrument display; a 
closed-circuit television system with the camera 
mounted on a_six-degree-of-freedom, servodriven 
rig; a model terrain (Fig. 2) over which the camera 
moves; and an analog computer for solving the 
nonlinear six-degree-of-freedom equations of motion. 

The simulator is “flown” by the signals from the 
pilot’s control inputs being fed to the analog com- 
puter for continuous solution in the equations of 
motion. These solutions are then used to drive 
the camera transport rig, which moves the camera 
over the model terrain in the exact manner that the 
aircraft being simulated would move. The picture 
taken by the camera, projected on a screen in front 
of the cockpit, plus the cockpit instrumentation (also 
driven by solutions of equations of motion), gives 
the pilot the cues required for simulation of the 
aireraf{t’s motion (the picture is approximately 8 
by 10 ft). 

In addition to the visual cues mentioned above, 
audio cues were provided to simulate engine noise 
as a function of engine rpm. The primary reason 
or this was to increase the pilot’s ability to sense 
blade stall and/or the engine torque limit, both of 
which cause loss in rpm and thrust with increased 
thrust control, and are potentially dangerous if not 
diagnosed quickly. 

The primary instruments displayed in the cockpit 


were a normal accelerometer, all-attitude indicator 
(artificial horizon), altimeter, rate of climb indicator, 
knotmeter, wing-tilt indicator, propeller tachometer, 
and ball and bank indicator. 

The simulator control force gradients, which were 
constant with speed, were | lb/in. on the stick and 
5 on the pedals. The maximum control deflections 
were +6 in. longitudinally, +5 in. laterally, and 
were provided: the floor-mounted, helicopter type 


1. at the pedals. Two collective pitch controls 
having a friction level of 5 lbs with a 6-lb breakout 
force; and a quadrant-mounted throttle type of 
lever having a 2.5-lb friction level and a 3.5-lb 
breakout force. 

The basic analog mechanization was for the six- 
degree-of-freedom equation of motion and the input 
data of a tilt-wing V STOL with flapping propellers. 
The mechanization allowed for forward, backward, 
or sideways flight and the flying of continuous 
transitions from hovering (Continued on page S86) 


Fig. 2. Model terrain. 
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Structures and Materials 


Sandwich Construction for Primary Structure of 
Ballistic Missiles and Space Vehicles 


Ralph F. Foral, The Martin Company 


T HE MISSILE DESIGNER, in his search for an efficient 
structural configuration, must consider the concept 
of sandwich construction. In sandwich construction, 
thin high-strength face sheets are separated by and 
rigidly attached to low-density shear resistant core. 
The configuration produced is characterized by high 
flexural rigidity and high buckling strength at rela- 
tively low weight. Such characteristics are fre- 
quently of importance in ballistic missile design. 
The use of sandwich in aircraft is not new. Before 
World War II, sandwich construction of birch face 
sheets and balsa core was used extensively in the 
British de Havilland Mosquito bomber. And there 
has been a continually growing list of aircraft sand- 
wich applications since then. Up to the present 
though there has been no use of sandwich construc- 
tion as primary structure in ballistic missile boosters. 
This paper investigates the feasibility of applying 
sandwich construction as primary structure in bal- 
listic missiles and space vehicles that use liquid 
propellants. Considerations include material and 
core configuration selection, joining methods, manu- 
facture, inspection, handling, and repair. Behavior 
of the sandwich cylinder under axial compression, 
bending moment, shear, internal and external pres- 
sure, and thermal gradient is examined. Then, 
sandwich designs conforming to realistic criteria are 
compared on a strength-to-weight basis with con- 
ventional designs conforming to the same criteria. 


General Discussion 


The primary structure of a ballistic missile or space 
vehicle essentially consists of circular cylinder sec- 
tions (Fig. 1). Notice that the configuration of Fig. | 
utilizes the integral tank concept—that is, tank 
walls contain the propellant as well as react the over- 
all missile body loads. Inasmuch as a wide variety 
of propellants is contemplated for use and many of 
these, because of their corrosive nature, cannot be 
sealed by any process but welding, the propellant 
tanks incorporate welded joints. An inherently 
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Symbols 


A cross-sectional area of core material per unit area ol 
face 

d material density 

E = Young’s modulus for isotropic face material 

E Young’s modulus of core material 

thickness of inner and outer sandwich faces 

h thickness of sandwich core 

bending moment 

\ allowable axial compressive load per inch 

internal pressure 

load transferred through core per unit area of facc 
material 

equivalent axial compressive load 

axial compressive load 

equivalent axial compressive load component due to 
bending moment 

radius of middle surface of cylinder 

cross-sectional area of shell per inch of circum 
ference 


Ta interface temperature gradient 
¥ linear coefficient of thermal expansion 
o normal stress 
T critical shear stress 
Mm = Poisson’s ratio 
Subscripts 


H 


in hoop direction 

in longitudinal direction 
in inner face 

in outer face 


Mr. Foral, of the Aeronautics Technical De- 
velopment Section at Martin-Denver, is 
presently engaged in feasibility studies for 
optimum structures in ballistic missile designs. 
Additional duties include staff coverage of 
structural development on the Titan XSM- 
68B intercontinental ballistics missile. Pre- 
vious experience includes active engagement 
in structural development of Titan SM68, 
plus preliminary analysis work on Dyna-Soar. 
Mr. Foral holds a B.S. degree from the Uni- 
versity of Nebraska and an M.S. degree 
from the University of Colorado, majoring 
in mechanical engineering, and has taken additional advanced courses 
at the University of Colorado. Mr. Foral recently has become a mem- 
ber of the Industry Advisory Committee to ANC-23 Panel on sandwich 
construction. 
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Sandwich construction shows ‘‘strong potential 
for weight-savings plus additional benefits arising 
from its inherent rigidity . . . The resistance 
welded truss core sandwich, as opposed to the 
adhesively bonded honeycomb sandwich, appears 
to be the better adapted configuration particularly 
for propellant tank application.”’ 


rigid structure, as opposed to the pressure stabilized 
balloon variety, will be considered. Body diameter 
is S ft or larger, body length is S80 ft or longer. 

A brief and qualitative discussion of sandwich 
construction will be appropriate to acquaint or to re- 
acquaint the reader with sandwich construction in 
general. This discussion, obviously not all inclusive, 
is intended to point out considerations about sand- 
wich which are important in applying sandwich to 
primary structure. 


Materials 


Sandwich panels have been built from many ma- 
terials including aluminum, corrosion-resistant steels, 
titanium, plastics, and refractory materials. Alumi- 
num and corrosion-resistant steel sandwich is now 
being used with success on production aircraft. 
Necessarily, the choice of core and face materials for 
use depends heavily on the performance of the ma- 
terials in the intended operational environment, 
from initial procurement and manufacture through 
assembly and handling to final flight. Aluminum 
alloys do display some desirable performance charac- 
teristics but when high temperatures are encountered, 
other materials must be adopted and this involves 
additional problems. It is considered advantageous 
to utilize aluminum alloys for sandwich construc- 
tion when the factors working against the use of 
aluminum can be minimized. 


Core Configuration 


A wide variety of individual core configurations 
are available for use. These may be classified geo- 
nietrically into three general types: solid, low-den- 
sity material; expanded, high-density material in 
cellular form; expanded, high-density material in 
corrugated form. Solid, low-density materials have 
lost favor for use in primary structure applications 
because of environment and strength-to-weight con- 
siderations. The trend has been to the expanded 


PROPELLANT TANKS=“ NON -TANK SECTIONS 


Fig. 1. Schematic of two-stage liquid propellant ballistic missile. 


HONEYCOMB 


TRUSS 


Fig. 2. Expanded core sandwich. 
cores of high-density materials and examples of these 


(the honeycomb and the truss core) are presented 
in Fig. 2. Any number of (Continued on page 93) 
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Fig. 1. Distribution of calculated fall points, fictitious strewn-field. 


U REY'® HAS POINTED OUT the following dilemma in 
the theory of the origin of tektites from extrater- 
restrial sources: 

Coherent clusters of meteoritic bodies cannot be 
distributed over an area of more than a few tens of 
kilometers as the result of breakup of the cluster in 
the atmosphere. On the other hand, a noncoherent 
cluster is highly unstable, and would enlarge rapidly 
until it would envelop the whole earth in a single 
shower. Thus it is difficult to understand how a 
group of bodies covering a field a few thousand kilo- 
meters in diameter could have originated in space. 

The difficulty is particularly acute in the case of 
the australites. Urey" points out that a swarm of 
sufficient density for gravitational coherence against 
the perturbations from the sun would ‘‘pile up tek- 
tites to a depth of 100 gm/cm* over southern Aus- 
tralia.’’ The actual density' is less by a factor of 
10", being of the order of 100 gm/km.? Baker? has 
pointed out that aerial ablation, birds, natives, ero- 
sion, and weathering might remove a considerable 
portion of the material; but it is hard to believe that 
it would remove all but a ten-billionth everywhere. 

Varsavsky* calculated a set of trajectories from 
the moon to the earth. He showed that, under some 
circumstances, the distribution on the earth would 
be folded over so that, even with a continuous dis- 
tribution of velocities at the lunar end, there could 
be a sharp line of demarkation on the earth. He 
compared this with the observed demarkation line 
in northern Australia. On the other hand, the ab- 
sence of australites in New Zealand requires another 
line of demarkation at a sharp angle to the first, and 
Urey "* has remarked that one would expect considera- 
ble infall from bodies which missed the earth on the 
first orbit, but fell in later. This is not observed. 

La Paz,' Fenner,’ and O'Keefe’ have connected 
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Tektites and 


John A. O'Keefe and Barbara E. Shute 


Goddard Space Flight Center, NASA 


the origin of the tektites with showers of the typc 
of the Cyrillid shower® (also called the Great Meteor 
Procession of February 9, 1913, or the Canadian 
Fireball Procession). From the observational side, 
it is clear that the Cyrillids, which formed a filament 
some 1,500 km in length, do approach the dimensions 
required for the production of a tektite strewn-field, 
at least in the direction of their motion. Fennet 
pointed out that they would be expected to yield a 
strewn-field which would be long and narrow, like 
the strewn-field of the moldavites; he did not se 
how they would yield a broad field like the australites. 


Assistant Chief of the Goddard Space 
Flight Center's Theoretical Division since 
1958, Dr. O'Keefe was a mathematician 
with the Army Corps of Engineers for 16 
years. A 1937 graduate of Harvard, he 
received his Ph.D. from the University of 
Chicago in 1941, and taught mathematics 
and astronomy at Brenau College for a year. 
He is a former technical adviser to the Army 
Map Service section of the Project Vanguard 
tracking program. The author has made 


contributions to the theory of the R Coronae Borealis Stars {obscuration 
by smoke); geodesy, including planning and application of the UTM 
grid; measurement of the size of the earth and intercontinental! dis- 
tances; flattening of the earth and the third harmonic (pear-shaped 
component); and theories about the origin of tektites from the moon 
via natural satellites. 


Miss Shute, now twenty-four, received a B.S. 
degree in physics from the University of New 
Hampshire in 1958. She joined the Theo 
retical Division of Goddard Space Flight 
Center, NASA, and has worked on orbit and 
trajectory mechanics. 
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Natural Satellites of the Earth 


‘The attempt is made to put the theory of the derivation of tektites from showers 


like the Cyrillid shower in numerical form. 


For definiteness, the 


integrations are modeled on the australite problem.”’ 


O'Keefe remarked that if the filament were much 
lengthened, so that it would require a considerable 
time to pass perigee (where, presumably, the fall 
would occur), then the rotation of the earth would 
broaden the strewn-field. O’Keefe drew attention 
to indications of a weak broadening of this kind in 
the Cyrillid shower, as described by the weather 
bureau office at Alpena, Michigan, and reported by 
\Mebane.® 

In the present paper, the attempt is made to put 
the theory of the derivation of tektites from showers 
like the Cyrillid shower in numerical form. For 
definiteness, the integrations are modeled on the 
australite problem. Chapman!! finds from the ap- 
plication of ablation theory to the australites that 
they appear to have entered the atmosphere at veloc- 
ities of 10 to 12 km/sec, and at an angle to the 
horizontal of 5 to 11 deg, measured at the point at 
which | percent of the initial velocity has been lost. 
Accordingly, it has been assumed that australites 
are derived from a parent body which entered the 
atinosphere at an angle of 5 deg and a velocity of 10 
km sec. The resulting values of the semimajor axis 
a and the eccentricity e are 

a = 16,688 km 
e = 0.6205 km 

The inclination must have been at least equal to 
the greatest latitude in the strewn-field—namely, 
that of Tasmania, about 45°—since the maximum 
latitude in orbit equals the inclination; an inclination 
of 51.6 deg was assumed. The argument of perigee 
was taken at w = 320°, which puts it in the latitude 
of Australia, since the fall is expected to occur largely 
at this latitude. The terrestrial longitude of the last 
ascending nodal crossing was left to be fixed after 
the integrations. The orbit was arbitrarily assumed 


to be direct—i.e., from west to east. 


Fig. 2. Australite strewn-field. 
14, p. 292, 1958, after Fenner.) 


(From Varsavsky, Geochimica Acta, Vol. 


The size of the primary body must have exceeded 
the total mass of all australites. The density of 
australites may be estimated at between | and 100 
per sq km; with an average mass of 6 gm, and a 
total area for Australia of 7.7 million sq km, we find 
from 46 to 4,600 tons as the minimum mass of the 
parent body. The figure actually assumed was 
1,700 tons. 

By the use of special tables lent to this office by 
the Ames Research Center, and originally prepared 
by Harold Larsen and D. R. Chapman of that office, 
a perigee height was found, by a slight adjustment 
of the aforementioned values of a and e, for which 
the primary body would just fail to overshoot. This 
perigee height corresponded, therefore, to the perigee 
height on the last revolution. For greater heights, 
the body would make one or more subsequent com- 


plete revolutions; lesser (Continued on page 65) 
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Soviet Space 


Experiments and Astronautics 


Fig. 2. Diagram of Lunik Ill automatic inter- 
planetary station showing (1) window for 


camera and lunar orientation sensor, (2) orien- 
tation jets, (3) solar orientation sensor, (4) 
solar batteries, (5) temperature control shutters, 
(6) heat shields, (7) 183.6-mc antenna, (8) 
39.2-mc antenna, (9) ion traps, and (10) micro- 
meteor detector. 


phase of the trajectory at a height of 10 
to 12 km above the earth’s surface. 

Pokrovskii’s paper describes a cata- 
pultable chassis used in studying the 
behavior of dogs during round-trip 
flights to altitudes of 110 km. The dog 
is secured in a hermetically sealed space 
suit with a removable plastic helmet and 
is provided with a 2-hour supply of oxy 
gen. The chassis is equipped with radio 
transmitter, oscillograph, thermometers 
sphygmomanometer, camera, and para 
chute. Two such chassis are fitted in the 
rocket nose section which separates 
from the body of the rocket at the apex 
of the trajectory. One chassis separates 
from the nose cone at a height of 80 to 
90 km and parachutes to the ground 
from a height of 75 to85 km. The other 
chassis separates at a height of 45 to 50 
km and falls freely to a height of 3 to 4 
km before parachuting to the ground 
The method is depicted schematically 
in Fig. 1. 

From July 1957 through December 
1959—a period comprising 18 months of 
the International Geophysical Year 
(IGY) and 12 months of so-called Inter 
national Geophysical Cooperation 
(IGC)—175 research rockets were 
launched in the Soviet Union (125 dur 
ing the IGY and 50 in 1959) in order to 
study the upper layers of the atmos 
phere. The principal parameters in 
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(Continued from page 9) 


this study were time and space~ ie., 
season and geographical location. Ac 
cordingly, 58 rocket launchings took 
place from Heiss Island of the Franz 
Josef Land archipelago in the Arctic 
Ocean, 74 from the central latitudes of 
the European part of the U.S.S.R., and 
43 from shipboard—31 in the 
hemisphere and 12 in the 

Pacific Ocean 


southern 
Northern 


Of the 175 rockets launched, 158 were 
designated meteorological research rock 
ets, each consisting of’a solid-propellant 
booster and a sustainer with a kerosene 
and-nitric acid engine Most of the 
sounding or meteorological rockets were 
equipped with tungsten-wire resistance 
thermometers and thermal and mem 
brane manometers. Eight of the rockets 
were also supplied with optical instru 
ments to measure the luminosity of the 
sky and the distribution of ozone. A 
vast amount of information was ac 
cumulated from these rockets on the 
stratification of temperature and pres 
sure in the atmosphere, on their varia 
tion with time and latitude 
tuation of 


on the flue 
fields in the 
stratosphere, and on the luminositv of 
the sky at various altitudes 


temperature 


The remaining 17 rockets launched 


Table 1. 
IGY 


Number 
of 
Kind of Equipment 


Ultra-short-wave dispersion radio 
interferometer for measuring con 
centration of free ions in the iono 
sphere 

Radio-frequency mass spectrometer 
for determining ion composition of 
the atmosphere 9 

Apparatus for measuring concentra 
tion of positive ions in the 


itmos 
phere 15 
Instruments for measuring electron 
temperature 6 
Instruments for measuring air pres 
sure 
Vessels for air sampling 2 
Instruments for recording impacts by 
particles and micrometeors 15 
Solar spectograph for recording ultra 
violet portion of the spectrum 6 
Instrument for measuring luminosity 
of the sky 6 
Instrument for recording temperature 
of the boundary layer of air j 
Instrument for recording corpuscular 
streams 6 
Instrument for cosmic-ray research } 
Instrument for measuring electro 
static fields in the atmosphere l 
Instrument for recording X-ray radia- 
tion of the sun 2 
Hermetic cabin with animals and 
equipment for recording their 
physiological functions 


Launchings Morning 


in this time period were single-stig 
liquid-fueled rockets and were consice: 
ably larger, more powerful, and more 
sophisticated than the meteorological 
rockets. They were designated veo 
physical research rockets, because of th 
variety of geophysical experiments they 
are capable of performing, and wer 
launched in the European part of the 
U.S.S.R. to altitudes from 100 to 470 
km 

Six such geophysical rockets were sup 
plied with hermetically sealed, spherical 
gvroscopically controlled, self-orienting 
containers with instruments for measur 
ing the structural parameters of the at 
mosphere, for carrying out optical ob 
servations, and for recording the physi 
cal conditions inside and outside the 
container. The container and instru 
ments weighed 367 kg. 

Seven rockets, raised to altitudes up 
to 210 kim, were equipped with detach 
able nose cones and pairs of containers 
that housed research equipment and a 
hermetic cabin with experimental ani 
mals. The total weight of equipment 
and animals was 2,200 kg. Specially de 
veloped parachute systems ensured the 
safe recovery of the entire pavload. In 
1958, four geophysical rockets wer 
launched to altitudes from 450 to 470 
km with separable nose cones containing 
research equipment and animals weigh 
ing 1,520 kg. The rockets were stabil 
ized throughout their entire flight. a 
circumstance that made it possible to 


Instrumentation in Soviet Geophysical Rockets Launched During the 


Time of Launching— . 
Daytime Evening Night 


5 2 1 l 
5 4 1 l 
6 6 2 1 
3 2 l 
8 6 2 1 
7 6 1 l 
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carry out reliable and precise physical | 
A total of nine launch- | 


measurements. 
ings of hermetic cabins with animals and 
control equipment was made. Table 1 


lists the instrumentation aboard Soviet | 


geophysical rockets launched during the 
IGY 

The following are some of the basic 
scientific results obtained from studies 
of the upper atmosphere carried out by 
means of geophysical rockets during the 
IGY and the IGC. 

New data were obtained on the pres- 
sure, density, and temperature of the 
upper atmosphere that made it possible 
to construct a physical model of the up 
per atmosphere to an altitude of 450 


km. The chemical composition of the | 
upper atmosphere was investigated by | 


means of 
trometers. 


radio-frequency mass-spec 
The concentration of elec- 


trons in the ionosphere was determined, | 


including the region above the main 
maximum (from 100 to 470 km). In 
the study of micrometeors, not only the 
number of impacts was recorded by sen- 
sitive instruments, but also their energy. 
The mean impact frequency was approx 
imately 1.7 X 10~* per sq m/sec; but be- 
cause meteoric flows are quite hetero 
geneous, the number of impacts some- 
times rose sharply (up to 9 per sq m/sec 
at an altitude of 470 km). The meteoric 
particles that were recorded possessed 
an energy of the order of 10‘ ergs. 

Che rockets also provided information 
on the distribution of luminosity of the 
diurnal and nocturnal skies. Photo- 
graphs of the ultraviolet spectrum of the 
sun yielded data on the distribution of 
energy in this part of the continuum. 
Photographs were made of the earth’s 
surface and cloud systems from great al 
titudes 
observations of ani 
mals under rocket flight conditions were 
continued and extended. It was estab 
lished that flights of animals up to 470 
km do not cause any pronounced disor- 
ders in their physiological functions. 
Changes in physiological functions were 
particularly noticeable during periods of 
acceleration and deceleration. In cases 
of dynamic weightlessness lasting 6 to 
10 min., the indexes of the basic physio- 
logical functions returned to normal 
after 5 to 6 min. 


Physiological 


The Sputniks 


The existence of an official Soviet 
space-technology program in 1953 may 
be traced to a significant statement by 
A. N. Nesmeyanov, President of the 
U.S.S.R. Academy of Sciences, who said 


on November 27 of that year, ‘‘Science | 


has reached a state when it is feasible to 


send a stratoplane to the moon, to create 


an artificial satellite of the earth.” 
(he seriousness of Soviet interest in 
Space technology became apparent on 


September 24, 1954, when the Presi- | 


ENGINEERS . PHYSICISTS - MATHEMATICIANS .- LIFE SCIENTISTS—BS, MS, PhD 


REPUBLIC DEDICATES $14 MILLION 
PAUL MOORE RESEARCH & DEVELOPMENT CENTER 


* 


..-TO ADVANCE 
SPACE EXPLORATION 


AND UPPER 


ATMOSPHERE 


FLIGHT 


New Staif Appointments 


IN EIGHT LABORATORIES 


SPACE ENVIRONMENT & LIFE SCIENCES / RE-ENTRY SIMULATION / 
FLUID SYSTEMS / GUIDANCE & CONTROL SYSTEMS / MATERIALS 
DEVELOPMENT / ELECTRONICS / WIND TUNNEL / NUCLEAR RADIATION 


Here, you will find the most sophisticated equipment available, including: 
SPACE CHAMBER (14’ x 30’) simulating conditions at more than 150 miles 
above the earth; HYPERSONIC WIND TUNNEL for speeds to Mach 14; 
ARC JET for studying materials at up to 27,000F; SHOCK TUNNEL develop- 
ing Mach 20 velocities; HYDROGEN GUN firing projectiles (or models) at 
speeds to 26,000 mph; 40°’ ANECHOIC CHAMBER; CO® HOT CELL. 


Senior & Intermediate Level Positions In These Areas: 


STRUCTURAL ANALYSIS: thermal 
protection systems for re-entry vehicles. 


STRUCTURAL THEORY: advanced 
problems in thermal & mechanical stresses 
of plate & shell structures, elastic and 
inelastic regimes. 


STRUCTURAL CONFIGURATION 
RESEARCH: design problems of very 
large and/or lightly loaded structures; 
also heavily loaded vehicles. 


STRUCTURAL DYNAMICS: prelimin- 
ary design calculations of loads, stresses, 
deflections of structural components (air- 
craft, missiles, boosters, space vehicles). 


THEORETICAL AERODYNAMICS 

& AEROPHYSICS: original work sup- 
porting design and laboratory project ex- 
periments re: hypersonic re-entry vehicles; 
supersonic craft. 


AERODYNAMIC PROJECT 
DIRECTION: studies & appraisals of pre- 
liminary aerodynamic designs for diverse 
flight regimes, including drag analysis, 
configuration optimization, performance 
& trajectory analysis. 


AERODYNAMIC ANALYSIS 
& SYNTHESIS: for both powered & bal- 
listic trajectories. 


MATERIALS DEVELOPMENT: refrac- 
tory coatings on refractory metals, & re- 
fractory compounds, cermets, intermetallic 
compounds. Initiation of investigations to 
meet new requirements. 


EXPERIMENTAL CRYOGENICS: 
establishment & supervision of cryogenics 
laboratory responsible for varied investi- 
gations including developing environment- 
al control systems for spacecraft. 


GUIDANCE & CONTROL SYSTEMS: 
novel components & system development; 
thin film devices; circuitry; optical & IR 
systems & tracking devices. 


ELECTROMAGNETIC RESEARCH 


BIOCHEMICAL DETERMINATIONS 
on men and plant systems. 


MICROWAVE ANTENNA RESEARCH 
OPERATIONS ANALYSIS 


For detailed information about assignments in the above and other areas please write 
in confidence to: Mr. George R. Hickman, Technical Employment Manager, Dept. 2G. 


AVIATION CORPORATION 


FARMINGDALE 


LONG ISLAND NEW YORK 


(All qualified applicants will receive consideration 
for employment without regard to race, creed, color, or national origin.) 
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225, and 226 km (indicating high preci- orbits and by direct manometric meas regis! 
\ ; sion of injection into orbit), while their urements using magnetic and ionization altitt 
— corresponding apogee altitudes were 947, gages. the | 
3 To onl % ; 1,671, and 1,881 km. (2) The fon composition of the at ergy 
Lo ? a PO From the standpoint of telemetry, mosphere was studied by means of a ra abou 
s = os : Sputnik I was rather primitive and only dio-frequency mass-spectrometer aboard (6 
wep) fi a partial success. It did accomplish its Sputnik IIT at altitudes from 225 to 980) Sput 
neg 4 }' principal tasks, however, which were the km in the latitude range from 27° to whos 
ati, a systematic observation of its orbit by 65° N during daytime. Measurements and 
Pa radio and optical means and the study showed that positive ions with mass Thes 
a of the propagation of radio waves in the number 16, ions of atomic oxygen, pre kev. 
ionosphere. Sputnik II not only carried dominate in the ionsophere under these whos 
Fig. 3. Flight path of Lunik Ill automatic inter- the first true space passenger—Laika, conditions. Positive ions with mass gerol 
Panatary setion. the canine martyr to science—but also numbers 14, 18, 28, 30, and 32 were als) (7 
was considerably more successful tele recorded. Concentrations of ions at al it po 
metrically than its predecessor in that it titudes of about 1,000 km indicated a of th 
permitted the study of the behavior and considerably greater extension of th« tion 
physiological functions of an animal un- atmosphere than previously supposed tude 
v ass : der conditions of prolonged dynamic (3) Radio observations of the first the 
i weightlessness and the study of cosmic earth satellites showed that the concen twee 
af sera rays and solar radiation in the short tration of electrons above the ionization Shor 
any a wave ultraviolet and X-ray regions. maximum decreases five to six times sity 
nN Pt With Sputnik III the volume of space more slowly than it increases below the The 
experimentation increased substantially. maximum. This agrees with the results 
; ~ - rhe experiments included (a) the deter obtained from vertical rocket investiga coin 
’ 2 mination of the pressure and composi tions. The concentration of positive ile 
25S tam te 89 : tion of the atmosphere, (b) the measure ions was measured directly for consider (8 
Fig. 4. Lunik tll fight path as seen from direc- ment of the concentration of positive able periods of time by means of ion Sput 
tion of vernal equinox. ions, (c) the measurement of the electric traps. At an altitude of 795 km the to cates 
charge of the satellite and the strength tal concentration of positive ions was phot 
of the earth’s electrostatic field, (d) the 1.6 X 10° per cu cm. ici 
dium of the U.S.S.R. Academy of Sci- measurement of the earth’s magnetic (4) The earth’s magnetic field was (9 
ences established the K. E. Tsiolkovskii field at great distances from the earth, measured by means of a magnetometer maa 
Gold Medal for outstanding work in the (e) the study of the intensity of solar cor aboard Sputnik III. Analysis of the = 
field of interplanetary communications, puscular radiation, (f) the study of the data obtained showed the existence of asi 
to be awarded every 3 years and to begin composition and variations in intensity short and rapid changes in the magnetic ale 
in 1957. (To date, the medalist has not of cosmic radiation, and (g) the study of field that coincided in time with the eal 
been named. Several Soviet scientists meteoric particles. passing of the satellite through the F, cane 
have, however, received Lenin prizes for The principal results of experiments layer of the ionosphere, indicating the an th 
their contributions to space science.) conducted by means of the first three So probable presence of current systems in mal 
More significant is the fact that the viet satellites may be summarized as fol the upper layers of the atmosphere shhe 
Presidium also established—-sometime lows: (5) Piezoelectric pickups registered iia 
in 1954—a permanent Interdepartmen (1) The density of the atmosphere was the frequency of micrometeoric impacts Bar 
tal Commission on Interplanetary Com determined both by studying the as 1.7 X 107% per sq m/sec, although as i 
munications to assist, in every way changes in the parameters of the satellite many as 22 impacts per sq m/sec were expe 
possible, the development of Soviet aa 
theoretical and practical work on the in effec 
vestigation of space and the achievement 
of manned space flight. The Commis Riccatins at Son's The 
sion joined the International Astro 
nautical Federation in 1957, when, for It 
the first time, a list of twenty-seven | time 
members, including eight academicians gani 
and several high-ranking military of ; initi 
ficers, was made public. by | 
The Soviets gave an indication of a6. wart 
things to come with their announcement 28-5 ber 
on August 27, 1957, of a successful test of 
of an intercontinental ballistic missile 2 | kno 
capable of carrying a powerful nuclear had 
weapon to any point on the globe. To oN 7 whi 
prove to the world that their possession his S tatic 
of the ICBM was fact, not fantasy, the | x shel 
Soviets followed through with an un Z tke - I ve 
precedented display of propulsive might ‘ arat 
by launching a series of three artificial Sa, pass 
satellites, on October 4 and November 3, 1| ace 6,00 
1957, and on May 15, 1958. These satel 4 es 15-1 
lites, each more highly instrumented " ' eart 
83.6, 508.3, and 1,327 kg, respectively. 4 hours from start to Nov 1, 1959 equi 
Their initial perigee altitudes weré 228, Fig. 5. Lunik Ill fight path as projected on earth's equatorial plane. a vi 
30 Aerospace Engineering + July 1961 


registered during a short interval at an 
altitude of 1,700 to 1,880 km. Most of 
the particles registered possessed an en- 
ergy of about 104 ergs and a mass of 
about grams. 

6) Special fluorescent gages aboard 
Sputnik III registered electron fluxes 
whose intensity increased with altitude 
and over high geomagnetic latitudes. 
These electrons had energies of about 10 
kev, sufficient to create X-ray radiation 
whose protracted effect could be dan 
gerous for living creatures. 

(7) Counters aboard Sputnik II made 
it possible to determine the dependence 
of the intensity of primary cosmic radia 
tion on altitude and geographical lati 
tude and longitude. It was found that 
the intensity increased 40 percent be- 
tween altitudes of 225 and 700 km. 
Short periods of fluctuation in the inten 
sity of cosmic radiation were observed. 
lhe lines of the permanent intensity of 
cosmic radiation were found to be non- 
coincident with the geomagnetic paral 
lels 

(8) The cosmic-ray equipment aboard 
Sputnik III, besides measuring the total 
intensity of these rays, also registered 
photons and atomic nuclei of heavy ele 
ments in cosmic radiation. 

(9) The biomedical experiment con- 
cerning the vital functions of the dog 
Laika on Sputnik II gave valuable infor 
mation on the behavior of the animal 
under conditions of cosmic flight. The 
condition of weightlessness failed to 
cause any essential and lasting changes 
in the physiological activity of the ani 
mal. Considerations of the results 
obtained showed very clearly that 
conditions approximating those of cos 
mic flight were satisfactorily tolerated 
by the animal, and the outcome of the 
experiment was positive. provi 
sions were made, however, to assess the 
effects of cosmic radiation. 


The Luniks 


In 1959, apparently following the 
timetable of a well-planned and well-or 
ganized research program, the Soviets 
initiated a new phase of space activity 
by launching three ‘‘cosmic’’ rockets to 
ward the moon, on January 2, Septem 
ber 12, and October 5. The last stage 
of the first lunar rocket (variously 
known as Wechta or Lunik I) reportedly 
had a mass of 1,427 kg after burnout, of 
which 361.3 kg represented instrumen- 
tation and batteries enclosed in a thin 
shelled spherical container—the Lunik 
I vehicle itself. This device, after sep- 
aration from the last-stage rocket, by- 
passed the moon at a distance of about 
6,000 km and subsequently went into a 
15-month heliocentiic orbit between the 
earth and Mars. 

In addition to radio and telemetric 
equipment, the Lunik I vehicle carried 
a variety of scientific instruments com- 


mon to the geophysical rockets and the 
first three Sputniks. These instru 
ments included apparatus for (1) study- 
ing the gaseous composition of inter- 
planetary matter and the corpuscular 
radiation of the sun, (2) measuring the 
earth’s magnetic field and probing the 
moon’s magnetic field, (3) studying 
meteoric particles, (4) registering heavy 
nuclei in primary cosmic radiation, 
(5) registering the intensity and varia- 
tions in intensity of cosmic rays, and (6) 
registering photons in cosmic radiation. 

Data were transmitted on frequencies 
of 19.993, 19.995 and 19.997 me. Con 
trol of the rocket’s trajectory to a dis 
tance of about 5,000 km and the deter 
mination of its elements were carried out 
by means of a system operating on 183.6 
me. Soviet facilities tracked Lunik I’s 
radio signals past the moon for a dis 
tance of 597,000 kim until transmission 
ceased after 62 hours. On January 3, 
1959, at 0357 hours (Moscow time), an 
artificial comet was formed by the ejec 
tion of | kg of sodium vapor from the 
rocket when the latter was 113,600 km 
from the earth. The cloud appeared 
briefly as a star of the sixth magnitude 
and served as an optical check on the 
rocket’s deviation from its prescribed 
trajectory and as a means of determin- 
ing the density of interplanetary gas 
from the rate of diffusion of the sodium 
vapor. 

The last stage of the second lunar 
rocket, excluding propellant, weighed 
1,511 kg, and carried a spherical con 
tainer with scientific and radio equip 
ment having a mass of 390.2 kg. On 
September 14, 1959, at 00 hours 02 min 
24 sec (Moscow time), Lunik IT struck 
the moon in the region of Mare Imbrium 
between the craters Archimedes and 
Autolycus at a point Soviet scientists es 
timated to have the selenographic co 
ordinates 30° North latitude and 0° 
longitude. Lunik II was virtually the 
same device, instrumentally, as Lunik 
I. Operationally, it was a test shot be 
fore the next lunar experiment. Five 
frequencies were used to transmit infor 
mation to the earth—20.003, 19.997, 
19.993, 39.986, and 183.6 me; the first 
two for flight data, the last three for 
scientific data. The sodium vapor cloud 
used for checking the rocket’s trajectory 
was formed at a distance of 150,000 km 
from the earth. By coincidence, and/or 
design, Lunik II was launched on the eve 
of Premier Khrushchev’s visit to the 
United States. 

The Soviet Union’s third cosmic 
rocket was launched on October 4, 1959, 
the second anniversary of Sputnik I. 
Its primary purpose was to photograph 
the reverse side of the moon and to tele- 
vise the images back to the earth. The 
last stage of the carrier rocket, without 
propellant, weighed 1,553 kg, of which 
135 kg were payload. The Lunik III 
vehicle, which the Soviets called an au- 
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tomatic interplanetary station, had a 
mass of 278.5 kg, was 1.2 meters in 
diameter and 1.3 meters long (excluding 
the antennas). It is shown schemati- 
cally in Fig. 2. Its flight trajectory, 
which involved an amazing bit of plan- 
ning and execution because of pertur- 
bation by the moon and the sun, is de- 
picted in Figs. 3, 4, and 5. Its closest 
approach to the moon was directly over 
the South Pole at a distance of 7,900 
km from the center of the moon. Up to 
this point its orbital plane made an angle 
of 55 deg with the earth’s equatorial 
plane. After it rounded the moon, 
the station entered an elongated ellipti 
cal orbit about the earth in a plane that 
was inclined at an angle of 80 deg to the 
earth’s equatorial plane. At the end of 
its first revolution about the earth, the 
vehicle came within 47,500 km of the 
earth’s center. Its maximum separation 
from the earth was 480,000 km. _ Its 
demise occurred on April 20, 1959, after 
199 days of orbiting. 

The basic scientific results of the in 
vestigations carried out by means of the 
three Luniks are the following: (1) 
measurement of the intensity of pri 
mary cosmic rays, X-rays, and gamma 
rays in interplanetary space; (2) deter- 
mination of the composition of charged 
particles in cosmic space; (3) detection 
and study of the outer belt of intense 
radiation with a maximum of intensity 
at a distance of four earth radii from 
the earth’s center; (4) discovery of a 
system of nonionospheric currents at al 
titudes from three to nine earth radii; 
and (5) quantitative measurement of 
the magnetic field near the earth and in 
cosmic space, showing that there is no 
noticeable magnetic field near the moon 

The Lunik III picture-taking experi 
ment was so rewarding that it merits fur- 
ther description. On October 7, 1959, 
the automatic interplanetary station 
passed the line joining the moon and the 
sun. The age of the moon was only 4.6 
days for the earth, but nearly full moon 
for the automatic station. After the 
space vehicle was aligned and stabilized 
for photography, a camera equipped 
with two lenses having focal lengths of 
200 and 500 mm and apertures of {/5.6 
and {/9.5 began exposing alternately a 
strip of 35-mm film for a period of 40 
min, starting at 3 hours 30 min Univer- 
sal Time. During this period the dis- 
tance between the space vehicle and the 
center of the moon varied from 65,200 
to 68,400 km. 

After development, fixing, and drying, 
the film was stored for several days until 
the automatic station approached the 
-arth, at which time the negative images 
were televised to reception stations in 
the U.S.S.R. This was done by scanning 
the negatives by a light spot traveling 
across the film. Two scanning rates 
were used—a slow one for long-distance 
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transmission and a fast one 
per frame) 
sion. 


(1,0C0 lines 
for short-distance transmis 
Each negative image was trans 
mitted several times so that some of the 
interference could be suppressed by com- 
parison of transmissions. 

Earth reception of the lunar-image 
signals was handled by special devices 
for recording television images on pho- 
tographic film, by magnetic recording 
equipment with highly stable magnetic 
tape speed, by skiatrons (cathode-ray 
tubes with long-persistence screens), and 
by straightforward recording of the 
image on electrochemical paper. The 
results obtained from all these types of 
recording equipment were utilized in 
studying the hidden part of the moon. 

A great deal of scientific work had to 
be done to eliminate distortions and im- 
pediments and to ascertain the actual 
formations on the moon. To ensure the 
fullest and most objective processing, 
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authenticated with sharp outlines 
with less precise outlines 
where outlines require more precise definition 


dorker than surrounding background 
lighter than surrounding background 


Catalog numbers of formations 


Map of reverse side of the moon. 


three copies were made of 
obtained, and these sent, along 
with enlarged positive prints, to three 
scientific institutions the U.S.S.R 
Academy of Sciences’ Main Astronomi 
cal Observatory at Pulkovo, the Shtern 
berg State Astronomical Institute in 
Moscow, and the Astronomical Obser 
vatory of Kharkov State University. 
Each of these institutions studied the 
pictures independently, and the results 
were then compared. The most detailed 
processing was carried out in Moscow, 
in close collaboration with the Central 
Research Institute of Geodesy, Aerial 
Photography, and Cartography. 

The result of this work was a catalog 
of the formations on the reverse side of 
the moon, with a description 
tail and a determination of its seleno 
graphic coordinates. The pictures taken 
from the automatic interplanetary sta- 
tion cover part of the side of the moon al- 


the negatives 
were 


of each de- 


ready known to us and include certain 
formations visible from the earth, such 
as Mare Crisium, Mare Marginis, Mare 
Smythi, and others. This circumstance 
was a help in deciphering the features 
of the invisible side of the moon and in 
determining more reliably the coordi- 
nates of the new formations on the lunar 
surface. 

The catalog is divided into three parts 
on the basis of the reliability of the de 
tails ascertained. The first part in 
cludes formations that have been identi 
fied on at least three negatives. There 
are 252 of these, including about 100 on 
the visible side of the moon, which serves 
as a reliable control. The second part 
of the catalog includes 190 details that 
show up clearly on two negatives or that 
appear indistinctly on a greater number 
Finally, the third part contains 57 for 
mations that have been least reliably 
identified and whose existence must be 
confirmed in future photographs. All 
of these formations have been entered on 
a map of the lunar hemisphere drawn 
up in an equatorial orthographic projec 
tion (Fig. 6). 

The U.S.S.R. Academy of Sciences has 
published an Aflas of the Reverse Side of 
the Moon, edited by N. P. Barabashev 
A. A. Mikhailov, and Yu. N. Lipskii 
In addition to the aforementioned ma 
terials and a description of the process 
of deciphering the photographs, the at 
las contains 30 large-scale reproductions 
of photographs preserving all the details 
of the original negatives, and a 1 to I( 
million scale map of the reverse side of 
the moon. 


Vehicle Recovery 


On January 20 and 31, 1960, the 
Soviet Union fired two multistage ballis- 
tic rockets a distance of 12,500 km into a 
predesignated Pacific Ocean target area. 
These were ‘‘planned launchings in a 
program to produce a more powerful 
multistage ballistic rocket for launching 
heavy earth satellites and carrying out 
cosmic flights to the planets of the solar 


svstem.’’ In each case the rocket’s nose 
cone was tracked during its flight 


through the atmosphere, and its contact 
with the water was registered by radar, 
optical, and acoustic installations aboard 
ships stationed in the target area. The 
nose cone of the first rocket allegedly 
fell within 2 km of the predetermined 
pe int. 

With this new and more powerful mul 
tistage rocket, the Soviets on May 19, 
1960, inaugurated another phase of their 
space research program by putting Sput- 
nik IV—a 4,450-kg space vehicle that 
they called a korabl’-sputnik or satellite 
ship—into a nearly circular orbit having 
initial perigee and apogee altitudes of 
312 and 369 km. Part of the space ve 
hicle was a 2.5-metric-ton pressurized 
cabin, containing a dummy spaceman 
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On radio command from the earth, the 
cabin was to separate from the main ve- 
hicle and descend to the earth. On 
May 19, when the radio command to de- 
scend was given, the carrier rocket failed 
to orient itself properly. As a result, 
when a retrorocket was fired, the space- 
ship and its separated cabin, instead of 
decelerating, were accelerated slightly 
and forced into a somewhat more ellip- 
tical orbit. 

This recalcitrant performance of Sput 
nik IV was followed by two more ballis 
tic-rocket firings into the Pacific Ocean 
target area on July 5 and 7. In each 
case the last stage hit the target 13,000 
km from the launching site. The origi- 
nal target area had been reduced by a 
factor of 2.5—from 43,700 to 17,136 sq 
miles 

Apparently reassured by the perform- 
ance of these last two test rockets, the 
Soviets, on August 19, 1960, put their 
most sophisticated space vehicle—the 
4,600-kg Sputnik V—into a nearly cir 
cular orbit having initial perigee and 
apogee altitudes of 306 and 339 kim. 
lhe satellite’s initial period of revolution 
was 90.7 min, and the inclination of its 
bit to the earth’s equatorial plane was 
64 deg 57 min 

The vehicle 
components 


consisted of two main 
an instrumentation com 
partment and a passenger cabin. The 
former housed, among other things, tel 
emetering and guidance equipment, ret 
rorockets, and research instru 
ments. The cabin, in addition to a vast 
amount of technical equipment, carried 
a long list of biological and botanical 
specimens, including two dogs; two rats; 
forty mice; several hundred Drosophila 
fruit flies); two vessels with Trade 
cantia plants; the seeds of different var- 
ities of onions, peas, wheat, corn and 
(herbs); special vessels with 
actinomyces fungi; and the one-ceiled 
alga Chlorella in liquid and solid nutri- 
tive media. There were also fifty car- 
tridges containing sealed ampules of 
cultures of intestinal bacilli and butyric 
fermentation bacilli, a culture of Staph- 
ylococcus, two varieties of phages (T-2 
and 13-21), a solution of desoxyribonu- 
cleic acid (DNA), as well as a culture of 
human epithelial tumor cells, and small 
pieces of preserved human and rabbit 
skin 

Since the launching of Sputnik V was 
a preliminary step in the Soviet manned 
space-flight program, the biomedical 
experiments were designed to provide 
data on (1) specific features of the vital 
activity of different animal and plant or- 
ganisms during space flight; (2) the 
biological action of space-flight condi- 
tions on living organisms (overloads, 
prolonged weightlessness, the transition 
to and from weightlessness); (3) the ac- 
tion of cosmic radiation on the vital ac- 
tivity and heredity of animal and plant 


some 


Nige lla 


| Organisms; and (4) the effectiveness and 


functional peculiarities of systems for 
maintaining vital activity in flight (air 
regeneration, temperature regulation, 
food and water supply, sanitation, etc.). 

An interesting feature of the Sputnik 
V experiment was that not only were the 
dogs televised during their sojourn, but 
the television signals were synchronized 
with the telemetry signals making it 
possible for Soviet scientists to correlate 
biomedical data with photographs of the 
animals. 

On August 20, 1960, when the space 
vehicle was making its eighteenth circuit 
of the earth, it was given a command 
signal from a ground station to begin its 
descent to earth. As the vehicle entered 
its downward trajectory, the instru 
mentation compartment was jettisoned 
and burned up in the dense layers of the 
atmosphere. The cabin, however, was 
retarded in the atmosphere by a special 
braking system. When the cabin 
reached an altitude of 7,000 meters, it 
had traversed about 11,000 km from the 
beginning of its descent. At a height of 
7,000 to 8,000 meters, the lid of the 
ejector hatch was thrown off, and the 
capsule containing the animals was cata- 
pulted from the cabin. The landing 
speed of the capsule was 6 to 8 meters 
sec and that of the cabin 10 meters/sec. 

Tass reported that the animals could 
have been brought back to earth inside 


the cabin itself, but the container with 
the animals was recovered separately in 
order to check the ejector system, which 
is to be used as a reserve landing sys- 
tem in manned flight. 

On December 1, 1960, the Soviets 
tried to duplicate their spectacular suc- 
cess of August 19, but met with much 
less gratifying results. They placed 
Sputnik VI—which had a mass of 4,563 
kg and carried two dogs and a host of 
other passengers and scientific equip- 
ment, even more sophisticated than that 
used in Sputniks IV and V—into an 
elliptical orbit having initial perigee and 
apogee altitudes of 187.3 and 256 km. 
The satellite’s initial period of revolution 
was 88.6 sec, and the inclination of its or 
bit to the equatorial plane was 65 deg. 
On December 2, after an unspecified 
number of revolutions about the earth, 
the spaceship, on radio command to de- 
scend to earth, followed an unplanned 
trajectory and was destroyed in the 
dense layers of the atmosphere. 

On March 9, 1961, however, the So 
viets brought their satellite-vehicle-re- 
covery average up to 50 percent by plac- 
ing a 4,700-kg satellite—Sputnik [X— 
in orbit and subsequently bringing back 
to earth a cabin containing a dog and a 
variety of biological specimens. The 
satellite’s orbital elements were quite 
similar to those of the ill-fated Sputnik 
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Fig. 7. Motion of Sputnik Vill automatic 
interplanetary station relative to the sun (as pro- 
jected on earth's orbital plane). Numerals de- 
note positions of AIS and Venus after every 10 
days of flight. 


VI: perigee and apogee altitudes, 183.5 
and 248.8 km; and orbital inclination to 
the earth’s equatorial plane, 64 deg 56 
min. 

Sixteen days later, on March 25, the 
Soviets again demonstrated the reli- 
ability of their vehicle-recovery system 
by placing 4,695-kg Sputnik X in orbit 
and recovering a cabin with its comple- 
ment of living organisms. The orbital 
elements were reported to be: period 
88.42 min, perigee and apogee altitudes 
178.1 and 247 km. The last two 


launchings made use of improvements 
in space-vehicle design and life-support 
systems required for manned flight 


Automatic Interplanetary Station 


On February 4, 1961, the Soviet 
Union began to implement a new phase 
of its astronautical program by inject 
ing a 6,483-kg-satellite test vehicle 
Sputnik VII—into an orbit having an 
initial period of 89.80 min, perigee and 
apogee altitudes of 223.5 and 327.6 km, 
and an inclination of 64 deg 57 min to 
the earth’s equatorial plane. This satel 
lite, the harbinger of futuie planetary 
probes, was a purely experimental device 
and contained no special equipment for 
the scientific study of space nor any 
experimental animals. Moreover, no 
system for the return of the satellite to 
earth was provided for in this test launch 
ing. The satellite ceased to exist on Feb 
ruary 26, 1961, after about 
tions around the earth 

On February 12, 1961, the Soviet 
Union announced the inauguration of 
interplanetary travel by launching a 
643.5-kg automatic interplanetary sta 
tion toward the planet Venus. This feat 
was accomplished by first launching a 
massive satellite—Sputnik VIII, which 
was presumably similar to its immediate 
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Fig. 8. Visible motion of Sputnik Vill automatic interplanetary station and Venus on the celestial sphere. 
Numerals denote positions of AIS and Venus after every 10 days of flight. 
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predecessor—into a nearly circular orbit 
and then, using this satellite as a space 
platform, firing a rocket carrying the 
scientific probe to rendezvous with Venus 
on approximately May 19. 

The satellite’s orbit was such that its 
minimum and maximum distances from 
the center of the earth were 6,601 and 
6,658 km—.e., its perigee and apogee 
altitudes were 230 and 287 km, and its 
inclination to the earth’s equatorial 
plane was 65 deg. Since no initial per 
iod was announced, it is quite probable 
that the Venus probe rocket was fired 
during the first orbit of the satellite 
At any rate, what was left of the Sputnik 
VIII satellite met its demise on Feb 
ruary 25, 1961, after about 223 revolu 
tions around the earth. 

The Venus probe’s computed trajec 
tory relative to the sun is depicted in 
Fig. 7. The movements of the probe and 
Venus up to the point of their encounter 
on the celestial sphere are shown in Fig 
8. The approximate distances between 
the probe and the earth, Venus, and the 
sun, together with its celestial coordi 
nates at 10-day intervals after its start, 
are presented in Table 2. Space Track 
has assigned the following heliocentric 
elements to the Venus probe: period 
300 days, inclination 0°.3 to the ecliptic, 
perihelion 0.7183 astronomical units, 
aphelion 1.019 astronomical units. 

The basic tasks of the Sputnik VIII 
launching were (1) to check the methods 
of injecting a space probe into an inter 
planetary trajectory, (2) to check extra 
long-range communication with and 
guidance of the space probe, (3) to de 
fine more exactly the scale of the solar 
system, and (4) to conduct a series of 
physical investigations in interplane 
tary space. 

A diagram of the Sputnik VIII Venus 
probe is shown in Fig. 9. The body of 
the interplanetary station is roughly a 
closed cylinder 2.035 meters long and 
1.050 meters in diameter. It is her 
metically sealed and designed to main 
tain an internal gas pressure of about 
900 mm of mercury and a nearly con 
stant temperature throughout its flight 
from earth to Venus. Its external ap 
pendages include two panels of solar bat 
teries constantly oriented toward the 
sun, four antennas (a 2.4-meter-long 
omnidirectional steering antenna, 4 
highly directional 2-meter-in-diameter 
parabolic antenna, and two medium- 
range cruciform antennas mounted on 
the solar-battery panels, and a variety 
of scientific and vehicle-control instru 
ments). 

The radiotechnical complex of the au- 
tomatic interplanetary station per- 
forms the following functions: (1) 
measures the probe’s parameters of 
motion relative to the earth, (2) trans- 
mits to earth the results of measure- 
ments carried out by the shipborne sci- 
entific instruments, (3) transmits to 
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pit | earth information on the operation of | Table 2. Approximate Distances Between Sputnik Vill Automatic Interplanetary 
ice | Shipborne instruments, including the Station and Earth, Venus, and Sun 
he | pressure and temperature inside and 
“a outside the probe, and (4) receives from Positions on Celestial Sphere at 10-Day Intervals after Start 
earth radio commands for controlling ; et 
its | the operation of the apparatus aboard Distance Distance Distance Right 
- the station. Between Between Between Ascension of 
ver Operational control of the probe’s ap- AlSand = AISand AISand = AISin Hours —_—Deeli- 

ate Earth Venus Sun (hk) and Min nation 
vee | paratus is carried out by transmission of No. (O*U.T.) (km X 10%) (km X 108) (km X 108) m) of AIS 
its | commands by radiolink with ground 
ia] | points, as well as self-contained pro- 2 March 69 60 143 Of 50m ~1°'s 
er gramed devices aboard the station. 3 14 March 11 48 138 O* 16™ 2° 9 
ble The station’s orientation system per- 4 24 March 15 36 134 O* 10" —2° 95 
-eq | forms the following tasks during flight 5 13 April 21 27 129 O* 08" —2°.25 
‘te. | along its trajectory: (1) eliminates ar- 6 18 April 28 19 124 0” 10" —1).25 

23 April 37 13 119 O* 18" 
nik bitrary rotation of the station incurred 8 13 May 47 7.5 115 Qh 32m 9° 9 
ob at the time of separation from the car- 9 13 May 59 3.1 111 O* 51" 4° .5 
tu rier rocket, (2) locates the sun from any _10 19-20 May 70 <0.1 109 1* 09” 6°.5 
position of the station and orients the 
ec solar batteries toward the sun during the 
in | entire time of flight, (3) performs any irregularly by the U.S.S.R. Academy of polar orbits a group of stabilized so 
ind | tequired spatial turn and achieves sta- Sciences. Soviet findings agree in gen- called observer-satellites equipped with 
ter | bilization of the station, and (4), when eral with those obtained by the United optical and television instruments that 
tig, | close to Venus, guarantees orientation of States in areas where comparisons can will put the entire earth under constant 
sey | the highly directional (parabolic) an- be made, but stand out heroically in surveillance. This phase of the pro 
the | tenna toward the earth to obtain the op- certain other areas, such as lunar pho- gram also includes the recovery of satel- 
di timum rate of transmission to earth of tography and bioastronautics. What is lites or their essential parts, with and 
irt, | both scientific and operational infor- impressive in this regard is that Soviet without the use of aerodynamic sur- 
ack | mation. scientists not only have clearly specified faces. Recovery techniques are being 
tric The automatic interplanetary station their goals well in advance, but have perfected that will at first permit in- 
jod | is equipped with a complex of scientific consistently attained them with ap- strument containers to be retrieved, then 
tic, | equipment for carrying out physical parent ease. animals, and finally human passengers. 
its, | Measurements en route from earth to The systematic plan of Soviet space As techniques improve and methods be- 
Venus. This equipment was designed to exploration was outlined in part by Prof. come more reliable, the satellites will be- 
U1 | conduct measurements in space far G. V. Petrovich in March 1959. It is come larger, and their mean altitude 
ods | ‘rom the planets, and includes instru interesting to note that this program is above the earth will increase from a few 
ter. | ments (1) for measuring cosmic rays, (2) essentially that suggested by K. E. hundred kilometers for the first surveil- 
‘tra | for measuring magnetic fields in the Tsiolkovskii at the turn of the century in _lance satellites to tens of thousands of 
and | tange.from ‘a few gammas to several his classical reports on the exploration of kilometers for intermediate space sta- 
de- | tens of gammas” (a gamma is 10% space by means of rockets. According tions, the latter eventually to serve in- 
lar | oersted), (3) for measuring charged par- to this program, rocket technology terplanetary vehicles. 
sof | ticles of interplanetary gas and solar aimed at the study and mastery of the The second phase in the study and 
ine- | corpuscular streams, and (4) for regis- cosmos is being developed in three conquest of space is linked to the earth’s 
tering micrometeors. phases, all of which are proceeding simul- natural satellite—the moon. The initial 
nus On February 27, 1961, radio contact taneously. steps in this phase of the program were 
y of | With the automatic interplanetary sta- The first phase involves the creation accomplished when Lunik I bypassed 
ya | ton could not be established. Three of a series of artificial earth satellites the moon at a distance of less than 6,000 
and | &xplanations were offered for this fail- varying in tonnage and purpose. The km on its way into orbit around the sun, 
her- | ure: primary object is to establish in near- when Lunik II impacted the moon, and 
ain (1) Charged particles emitted by the 
yout | Sun might act as an impenetrable screen 
on between the earth and the probe. , 
ight (2) The signals from the probe might 
ap- | have been too weak to penetrate to the 
bat earth 
the (3) Meteors might have caused some 
ong | damage to the interplanetary station. ‘ 
eter | A Three-Phase Program 
um- 
| on The foregoing chronicle of Soviet as- 
iety | onautics has been necessarily super- 
tru- | ficial. But it clearly shows how doggedly 
and systematically the Soviet Union has 
au- | 4Pproached the threshold of manned in- 
per- terplanetary flight. Fig. 9. Diagram of Sputnik Vill automatic interplanetary station. 
(1) The Scientific aspects of space explor- (1) Omnidirectional rod (6) Medium-range 

of | tion have been discussed at various in- antenna. antenna. 
ins- | “tnational gatherings and in a variety (2) Heat sensors. (7) lon trap. 
aiid of publications, principally in a journal (3) Solar batteries. (8) Magnetometer ele- 
| entitled Iskusstvennye Sputniki Zemli er 
orientation sensor. (9) Earth orientation 

to | \Artifictal Earth Satellites), published (5) Parabolic antenna. sensor. 
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when Lunik III flew around and photo- 
graphed the reverse side of the moon, 
televising the images to the earth on the 
return limb of its trajectory. Subse- 
quent steps will involve (1) creation of 
artificial satellites of the moon that 
maintain constant communication with 
the earth; (2) deposition on the moon 
of heavy instrument packages contain- 
ing radio, television, and telemetering 
equipment for the communication and 
transmission of scientific findings to the 
earth; (3) circumflight of the moon by a 
manned rocket with subsequent return 
to the earth; and (4) deposition on the 
moon of a manned rocket capable of 
taking off from the moon and returning 
to the earth. This last step can also be 
achieved by means of less powerful 
rockets if stores and propellant supplies 
are deposited on the moon in advance to 
service and refuel the manned rocket for 
its return trip to the earth. As a pre- 
cautionary measure, and at the same 
time to enhance the chances of a success- 
ful expedition, Soviet scientists consider 
it expedient to dispatch two lunar rock- 
ets simultaneously. The crews could be 
of mutual assistance to each other in ex- 
ploring the moon and in preparing for 
the return trip; and, in case of emer- 
gency, they could return to earth in one 
rocket. 

The third phase of the program con- 
cerns the investigation of the planets of 
our solar system by means of (1) auto- 
matic reconnaissance rockets that will 
probe both the inner and the outer plan- 
ets and (2) a series of artificial satellites 
of the sun, of which Lunik I and Sputnik 
VIII are prototypes, that will move in 
prescribed orbits and continuously 
transmit information to earth. These 
probes and solar satellites are necessary 
prerequisites for the further penetration 
of the cosmos. 


Petrovich also specifies the following 
requirements to achieve full develop 
ment of the program: (1) the creation 
of larger and more effective rockets 
powered by engines with higher specific 
thrust; (2) improved systems of rocket 
stabilization and control, as well as im- 
proved ground launching facilities; (3) 
the perfection of high-resolution multi- 
channel telemetering equipment to 
transmit signals to earth over distances 
measured in millions of kilometers; and 
(4) the broad development of space 
medicine. 

For obvious reasons the Soviets have 
refused to discuss certain technological 
aspects of their astronautical program. 
The two areas in which they have had 
outstanding but which are 
cloaked in profound secrecy, are propul- 
sion and guidance. 

Fig. 10 shows the almost monotonic 
increase in mass of each succeeding So- 
viet space vehicle, save the last two. 
For purposes of comparison, three U.S. 
space vehicles—Explorer I, Midas II, 
and Samos II—are represented. Ex- 
plorer I, the first American satellite, 
weighed 30.8 Ibs (14 kg). Its first booster 
was a Redstone with 83,000 
Ibs of thrust. Its upper three stages 
were made up of 14 scaled-down Army 
Sergeant rockets. Midas II, currently 
America’s heaviest space vehicle, has a 
total weight in orbit of 5,000 Ibs (2,268 
kg). Its first stage was a modified Atlas 
ICBM with a 360,000-lb-thrust rocket 
engine. Its second stage, which was pro- 
pelled by a 15,000-lb-thrust engine, be- 
came, after burnout, the space vehicle. 
Samos IT had virtually the same propul 
sion system as Midas II. The mass of 
the Midas II vehicle is just one half that 
attributed to Sputniks IV, V, VI, IX, 
and X, and one third that of Sputniks 
Vil and VIII. 
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Fig. 10. Comparison’ of Soviet and United States space vehicles. 
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The accuracy of the Soviet guidance 
system is evident at each step of the 
program, particularly in connection with 
the recovery of the Sputnik V, IX, and 
X canine capsules and the launching of 
the Sputnik VIII Venus probe. The 
feat of landing a capsule allegedly within 
10 km of a predetermined point shows 
not only a high degree of technical skill 
but also considerable confidence in that 
skill. The Soviets ostensibly have suf 
ficient thrust to boost aloft an inertial 
guidance system, whatever its mass 
which permits them to guide their satel 
lite precisely into a predetermined orbit 
Knowing the elements of this orbit 
they can predict the satellite’s position 
at any moment, kick it out of orbit with 
a retrorocket, and land it with great ac- 
curacy. This same skill was demon 
strated in launching the Venus probe 

In addition to their impressive dem- 
onstration of propulsion, guidance, and 
scientific insight, the Soviets have dem- 
onstrated a more subtle ability, which 
should be of particular interest to 
Americans. This is their apparent 
superiority in complex automatic con 
trol systems. The tendency to over 
engineer a system and the consequent 
increase in its unreliability have plagued 
and embarrassed American rocket and 
missile experts again and again. The 
Soviets, however, by stressing funda- 
mental principles and simplicity in 
design, have apparently developed the 
happy faculty for making proper ex 
ecutive decisions in the manufacture or 
use of computer-based control systems 
and determining which of several auto 
matic control concepts is the best 

It is safe to say that the Soviets are 
transforming this superior flexibility 
and capability in rocket-vehicle tech 
nology into a correspondingly greater 
lead in the exploration of outer space 
and its many implications. 
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Our readers will want to watch for these additions to the 

outstanding technical articles that have made Aerospace 

Engineering the world’s leading magazine for aerospace 
engineers! They'll start in September! 


“AEROSPACE TECHNOLOGY AS SEEN BY THE 
PANELS”: Up-to-date monthly technical news articles from 
two or three of the Aerospace Technology Panels to advise 
the reader on the most important developments that he should 
know to be current in his specialty. These articles will also 
provide technical news, more general in nature, giving signifi- 
cances or interpretations of technical breakthroughs or no- 
table occurrences. This feature will be prepared by members 
of the IAS Aerospace Technology Panels. 


“ADVENTURES IN ENGINEERING”: Consisting of a 
report by the Engineer involved, dealing with a difficult or un- 
usual problem and its solution. The threefold purpose of this 
new area of Aerospace Engineering is to acquaint Engineers 
with knotty problems which have been faced on the job by 
some of their number and how difficulties were resolved, to 
stress the important role of the Engineer who has applied 
engineering skill and/or ingenuity in his everyday work, and 
to provide readers with information which is both illuminating 
and interesting. Contributions are desired from aerospace 
engineers everywhere. Authors will be allowed the widest 
latitude as to style, though use of the first person should be 
avoided. Manuscripts must be hitherto unpublished, offered 
to Aerospace Engineering exclusively, and will be subject to 


confidential review by an editorial board. Excessive use of 


trade names will be cause for rejection without review. 
CONTRIBUTIONS MUST NOT EXCEED 750 WORDS. 
Two copies are desired and should be accompanied by the 
contributor’s (author’s) photo (head and shoulders only) and 
by a 100-word biography prepared in the third person, narra- 
tive style. 
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Soviet Aeronautical Scientists (Continued from page | 3) 


ment of an adequate transonic and 
supersonic wing theory under L. I. 
Sedov, 1942-1944—-and the entire pat- 
tern somewhat resembles a dash runner 
trying to run a mile race. 

(5) Another characteristic feature of 
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Fig. 1. Growth of Soviet R&D spending by 

budgetary categories, 1950-1960. 


mind the coordinating role of the follow- 
ing: 


(1) The Communist Party, whose ad- 
ministrative structure is independent 
of the state and whose role is somewhat 
reminiscent of the Catholic Church in 
the high Middle Ages: it defines the 
values underlying policy decisions and 
enforces obedience to its ideology; its 
top personnel overlaps that of the 
government; its cells permeate the 
society and provide alternative chan- 
nels of communication and command. 


(2) The Academy of Sciences of the 
U.S.S.R. has the statutory responsi- 
bility of doing the nation’s basic re 
search in its institutes and laboratories, 
and also of setting national long-range 
goals and coordinating all R&D ac- 
tivities. To discharge that responsi 
bility, the Academy includes in its 
membership not only scholars, but also 
engineers and military officers with tech 
nical background. It is interesting that 
the role and number of these have in 
creased markedly in the last 10 years— 
e.g., there are 20 technical officers of 
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Soviet operations is the ‘‘multiple-hat”’ 
system (sovmestitelstvo), which assigns 
several concurrent administrative re- 
sponsibilities to each of their leading 
scientists and so concentrates the 
management of large segments of the 
R&D effort in small, tightly knit groups. 


Patterns of Decision-Making and 
Communication 

In order to understand the informal 
patterns of decision-making and com- 
munication in the Soviet air research 
community, we should also keep in 
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Dollars in 1956 and estimated 18.0 
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Distribution of development budget. 


Fig. 3. Technical professional personnel em- 
ployed in various activities, United States and 
the Soviet Union. 


flag rank among the 31 Academicians in 
the Department of Technical Sciences.* 

(3) In the aeronautical sciences, the 
Zhukovskii Military Air Engineering 
Academy plays a particularly important 
triple role. It trains officers for the 
technical branch of the Soviet Air 
Force, giving them a 5-year military 
engineering program. It militarizes de- 
signers—all senior Soviet aircraft de- 
signers have attended the Academy for 
at least 2 years, and most (Yakovlev, 
Mikoyan, Gurevich, Ilyushin, etc.) are 
graduates of it. Finally, it retreads 
field officers who appear to have special 
promise for future high command: the 
ten ranking generals of the Soviet Air 
Force at the present time took a 2-year 
course at the Academy when they held 
the rank of major or colonel and were of 
The Zhukovskii Air Acad- 
emy school-badge therefore singles out 
and unites the entire policy-making 
community of the Soviet air develop- 
ment program. 

In this framework, let us examine the 
organization chart of the Soviet aero- 
nautical R&D community (Fig. 4). 
Note the operation of the “multiple- 
hat’’ system illustrated by the various 
assignments of three particular scien- 
tists—Academicians A. N. Tupolev, 
L. I. Sedov, and A. A. Dorodnitsyn. 

As the chart shows, aeronautical re- 
search and development responsibilities 
are divided among a number of per- 
manent agencies responsible to the 
Council of Ministers.t These include 
primarily the Academy of Sciences, 
the State Committee on Air Technology 
(formerly the Ministry of Aircraft Pro- 
duction), and the Ministry of Defense. 
On a secondary level, one should add the 
Ministry of Higher Education (for re- 
search done at universities and en- 
gineering schools) and Aeroflot (the 
Soviet state airline) for some special 
operating problems. 

In addition, there are special task 
forces (comparable to the wartime Man- 
hattan project in the United States) en- 
trusted with overriding authority to 
push through high-priority assignments. 
The Interdepartmental Commission for 
Interplanetary Travel, established in 


age 33-37. 


* The reorganization of Soviet R&D 
management announced in May 1961 vests 
some of the planning responsibility for- 
merly assigned to the Academy to a new 
committee dominated by modern weapon 
development administrators rather that 
scholars, and apparently puts even greater 
emphasis than was the case on the hard- 
ware which is the end product of R&D 

+ Since May 1961, between the operat- 
ing agencies and the Council of Ministers 
sits a new Scientific Coordination Com- 
mittee whose chairman is Gen. K. N. 
Rudnev, formerly (1958) Minister of De- 
fense Production. 
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He solved this puzzle 
by taking it apart! 


Like oil and water, extreme preci- 
sion and “complete” mobility resist 
combination in tracking radar an- 
tennas. Designing for one of these 
characteristics “automatically” pre- 
cludes the other. That was this AMF 
Engineer’s puzzle—to put both pre- 
cision and mobility in an antenna 
for duty with the Marine Corps. 

He solved the puzzle, literally, by 
taking apart the solution—AMF’s 
TPQ-10 antenna—into 10 rugged, 
portable, submersible, precision- 
fabricated packages. TPQ-10 is de- 
signed for helicopter transport. Each 
component can be dropped in water ; 
it will come up for more. The pack- 
aged antenna on its pallet can be 
dropped on land from 3 feet without 
impairing precision. 

Each component can be picked up — 
the largest weighs 425 lbs.—and can 
be handled by 3 men. A crew of 6 
can put TPQ-10 together in 20 min- 
utes with one standard wrench. 

Among the design innovations 
that solved the puzzle is a “piggy- 
back” gear arrangement that puts 
both azimuth and elevation drives in 
one package. Result: almost half the 
parts and weight of separate compo- 
nents. Precision fabrication is typi- 
fied by the reflector arms, held to a 
.005” deviation over 45 inches! 
(For unclassified information on early 
warning and radar antenna systems, 
write Dept. CS 1, address below.) 


Single Command Concept 


Solving puzzles with next-to-im- 
possible conditions is AMF’s busi- 
ness. AMF’s imagination and skills 
are organized in a single operational 
unit offering a wide range of engi- 
neering and production capabilities. 
It accepts assignments at any stage 
from concept through development, 
production and service training, and 
completes them faster...in 
* Ground Support Equipment 

+ WeaponSystems-Undersea Warfare 
&D Automatic Handling & Processing 
ests Range Instrumentation Radar 
for- * Space Environment Equipment 
new Nuclear Research & Development 
pon GOVERNMENT PRODUCTS GROUP 
han — — AMF Building, 261 Madison Avenue 
iter ee New York 16, N. Y. 


igineering and manufacturing AMF has ingenuity you can use... 


in 

1g 

nt 

1€ 

ry 

e- 

e- 

or j 

V, 

ial 
he 
1r 
ar 
‘Id 

of 

d- 

ng 

§ 

he 

0- 

le- 

US 

7 

% 

re- / 

he 

ro- 

re 

~ 

the 

! 


April 1954, may be the whole or the 
superficially visible part of such a task 
force in the field of missiles and space 
vehicles. It includes 27 members, of 
whom 14 are scientists (6 astronomers, 
1 geophysicist, 2 physicists, 1 chemist, 3 
theoretical aerodynamicists, 1 designer 
of computer systems), 9 are engineers (4 
in propulsion, 3 in electronics and guid 
ance, and 2 in telemetering and data 
reduction), 3 are generals (Artillery 
and Air Force), and 1 is apparently an 
administrative aide. Some of these are 
drawn from Academy personnei, some 
are designers on the staff of various 
ministries. While the Commission as 
such apparently does no research, it 
takes part in fund allocation and its in- 
dividual members supervise parts of an 
overall program, each within his own 
jurisdiction. 


Academy of Sciences 


The Academy of Sciences is divided 
into eight departments, of which two 
are of interest in this study—the De- 
partment of Mathematics-Physics and 
the Department of Technical Sciences. 
Each of these departments controls a 
number of research institutes—e.g., the 
Steklov Mathematical Institute whose 
Theoretical Mechanics Division is under 
L. I. Sedov, or the Computing Center 
directed by A. A. Dorodnitsyn—and 
altogether the Academy directly con- 
trols 12 percent of the R&D budget. 

The size and scope of Academy insti- 
tutes is quite variable. The Institute of 
Automatics and Telemechanics, for 
example, has a staff of over 1,000, in- 
cluding some 300 scientists; it does 
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fundamental research on automatic con- 
trol systems, data processing, etc., and 
builds breadboard models of new de- 
vices. The actual development is then 
entrusted to an industry institute or 
laboratory. 

On the other hand, the Mechanics 
Institute has a scientific staff of some 80 
and a total staff of 200. It includes a 
Solid Mechanics Department, with sec- 
tions of elasticity (Sokolovski), plas- 
ticity (Ilyushin), construction me- 
chanics and wave propagation in solids 
(Rakhmatulin), a general mechanics sec 
tion (stability of motion, theory of os- 
cillations, gyroscopes, automatic con- 
trols, etc.), and a Department of Fluid 
Mechanics, with hydro- 
dynamics and filtration problems, high- 
speed gasdynamics (Nikolski), and rare 
fied gas flows. In 1958 the Institute had 
a modest structural laboratory and a 
“Strela” digital computing machine. 
In the last 2 years, according to A. A. 
Nikolski, who recently became Direc- 
tor of the Institute, they have built a 
shock tube and a small hypersonic wind 
tunnel. 


sections on 


Basic and Applied Research 


The research programs of these Insti- 
tutes are formulated as broad 5-year 
plans and also as detailed yearly plans. 
They include a combination of problems 
assigned from above and those generated 
within the Institute. A Soviet scientist 
suggested off the record that the more 
creative staff members are generally 
able to do what they want; the others 
end up doing the specific tasks indicated 
by outside agencies 
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Some basic research in the air sciences 
is also done at universities, particularly 
in the mechanics faculty. This generally 
includes graduate theses and a small 
amount of sponsored research. One 
should mention specially Moscow and 
Leningrad Universities. 

Some basic research and much de- 
velopment and applied research are 
carried on in a series of special institutes 
administered by the State Committee 
on Aircraft Technology and the Minis- 
tries of Defense and Defense Production, 
These include such very large facilities 
as TsAGI, TsIAM, VIAM, LII which 
form a complex comparable in size and 
scope of activity to the Research Centers 
of the NASA. (TsAGI is primarily 
concerned with hydrodynamics, aero- 
dynamics, stability, control,  ete.; 
TsIAM, with problems of propulsion; 
VIAM, with aircraft materials, fuels, 
and lubricants; and LIT is a test-flight 
station.) 

Not much information is available 
about the facilities to be found at these 
laboratories; even less is known about] 
some 60 or more laboratories specifically 7 
devoted to the development of airborne | 
electronics, rockets, and advanced power 
plants. It is fairly reliably estimated, 
however, that these facilities have an 
average staff of over 400 scientists each, 
and a supporting staff of 12,000 to 
15,000 technicians. They do some 
basic research, often in cooperation with 
universities and Academy institutes, 
much development and testing of com- 
ponents and prototypes, some service 
testing and backup consulting for design 
teams, and often have a pilot plant 
under their jurisdiction. In the aggre- 
gate, they spend 50 percent of the Soviet 
R&D budget. 

The development and design of spe- 
cific prototypes is entrusted to advanced 
design bureaus (OKB) which are gener- 
ally named after their senior designer 
(Tupolev’s OKB, Yakovlev’s OKB, 
etc.). It is estimated that a major OKB 
is comparable in most respects to the 
design engineering staff of a major U.S. 
airframe manufacturer. It includes 
some 600-1,000 graduate engineers of- 
ganized both along professional special 
ties (aerodynamics group, structures 
group, dynamic loads group, etc.) and 
along project lines. In every knowi 
case, it is joined with a pilot plant where 
test prototypes are built. Up to very 
recently, top-flight design talent was 
extremely scarce in the U.S.S.R. and 4 
policy of assigning single projects to 
single design groups, of limiting competi-] 
tion, and of standardizing solutions gf 
technical problems was in effect. Its 
operation has been described, for] 
example, by Sir Arnold Hall in the 
Twentieth Wright Brothers Lecture im 
December 1956 (Journal of the Aero 
nautical Sciences, Vol. 24, No. 3, pp. 
161-187, March 1957). 
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opportunities for 


systems analysts 


Hughes Aerospace Engineering Division 
has openings for Systems Analysts to 
consider and analyze a wide spectrum of 
basic problems such as: 


What are the requirements for manned 
space flight? 


Justify choice of systems considering 
trade-off of choice in terms of cost 
effectiveness. 


Automatic target recognition 
requirements for high speed strike 
reconnaissance systems or unmanned 
satellites. 


IR systems requirements for ballistic 
missile defense. 


Optimum signal processing techniques 
for inter-planetary telecommunications. 


Analysis of weapon systems from 
conception through development, test 
and customer use. 


Design concepts for new airborne 
weapon systems. 


The positions involved with the solution of 
these basic and critical questions present 
opportunities for the optimum application 
of the technical and analytical backgrounds 
of graduate physicists and engineers with 
both systems and specialized experience. 


If you are interested in helping to solve 
these questions and are a graduate physicist 
or engineer with a minimum of three years 
experience in weapon systems analysis, 
operations analysis, IR, physics of space, 
signal processing or communication 
theory, we invite your inquiry. For 
immediate consideration, please airmail 
your resume to: Mr. Robert A. Martin, 
Supervisor, Scientific Employment, 
Hughes Aerospace Engineering 

Division, Culver City 58, California. 

All qualified applicants will be considered for 


employment without regard to race, creed, color or 
national origin. 


We promise you a reply within one week 


HUGHES AIRCRAFT COMPANY 
AEROSPACE ENGINEERING DIVISION 
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Conclusion 


This has been a brief account of the 
scope as well as the spirit of the Soviet 
aeroscience effort. Let it merely be said 
here that, in the application of mathe- 
matical techniques, Soviet scholars draw 
on a long and distinguished tradition 
and have obtained some remarkable re- 
sults. In experimental work, little is 
known, partly because of classification; 
but the hardware already displayed 
should dispel the now obsolete notion 
that Russians do not have the gift to 
make things work. 


Technical Literature 


Stalin’s death (1953) marked a real 
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change in Soviet publication policy 
The time lag between submission and 
publication of papers decreased from 6 
or 8 years to 18 months or less. Many 
new journals either were founded or be 
came available in the West; and, al- 
though it is still difficult to get a clear 
picture of Soviet research in the air 
sciences, at least the more theoretical as- 
pects of their work in gasdynamics, 
elasticity and plasticity, and nonlinear 
and statistical mechanics are becoming 
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What can a skipping stone teach us 


about re-entry from space? 


One promising approach to the problem of atmosphere 
re-entry is called the skip-glide path. The spaceship 
would follow an undulating trajectory, glancing off 
the atmosphere to lose its speed, much as a stone skips 
across the water. The necessary lift might be provided 
by a deployable pneumatic wing which would inflate 
on entering the atmosphere. 

This and other approaches to aerospace deceleration 
are now being studied and evaluated at Northrop’s 
Radioplane Division as part of its comprehensive pro- 
gram in landing and recovery systems. Long recognized 


as the leader in all aspects of paradynamics, Radioplane 
is fast becoming the industry’s standard for space and 
aerospace landing systems. Active programs now in- 
clude lunar soft landing studies, aerospace decelerators, 
and re-entry drag devices as well as recovery and land- 
ing systems for all manned space vehicles actively 
scheduled by the U.S. 


RADIOPLANE 


A DIVISION OF 


NORTHROP 
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Cruciform Wing Body Configurations (continued from page 21) 


the viscous body wake and the wing 
surfaces. 

The rolling moment due to yaw in- 
cludes the effects of wing sweep and of 
the rotation of the root and tip Mach 
cones as the wing yaws. Using the 
analytical methods of Jones et al.,‘ 
it has been determined that, in the 
absence of the effects of large sweep, the 
pitch and yaw wings of a cruciform con- 
figuration at angle of attack tend to 
produce compensating rolling-moment 
increments. The magnitude of the 
resultant of these induced rolling- 
moment increments has been found to 
be negligible, compared to the sum of 
the induced rolling moments being in- 
vestigated. Therefore, this paper deals 
only with the experimental and ana- 
lytical descriptions of the wing-wing 
interference and the body wake inter- 
action phenomena and their resulting 
contributions to the induced rolling 
moment of the cruciform wing-body 
configuration. 


Experimental Results, General 


The experimental investigation which 
forms the basis of this study permits a 
comprehensive analysis of the general 
effects of configuration geometry, flight 
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Fig. 3. Variation of rolling-moment coefficient 
with roll angle. 


Fig. 4. Variation of rolling-moment coefficient 
with wing chord (ag = 20°, dp = 15°).. 
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Fig. 5. Variation of rolling-moment coefficient 
with exposed wing span and angle of attack. 


Fig. 6. Variation of rolling-moment coefficient 
with exposed wing span and Mach number. 


attitude, and Mach number on induced 
rolling moment. Experimental data 
were obtained for various combinations 
of the body configurations and wing 
planforms (Fig. 1) at Mach numbers of 
1.50, 2.00, and 3.24. The tests were 
conducted in the supersonic wind- 
tunnel facilities of the Ordnance Aero- 
physics Laboratory, Daingerfield, Tex. 
(M = 1.50 and 2.00) and at the Naval 
Ordnance Laboratory, Silver Spring, 
Md. (M = 3.24). Only a very small 
portion of the data obtained can be pre- 
sented here. More complete docu- 
mentation is presented in reference 5. 
Furthermore, data presentation and 
analysis will be limited to the zero-wing- 
incidence case. It is of interest to 
note that the data presented in reference 
5 indicates, for a given value of normal 
force coefficient, that the induced rolling 
moments of a configuration with wing 
incidence will be of magnitude com- 
parable to those for the same configura- 
tion with zero wing incidence 

Data illustrating the variations of 
induced rolling moment produced by 
angle of attack and angle of roll are 
presented in Figs. 2 and 3, respectively. 
The angle-of-attack effect is seen to be 
typically nonlinear and influenced con- 
siderably by Mach number. The varia- 
tion with roll angle is familiar, with 
zero rolling moment occurring at roll 
angles of both 0° and 45°. This fea- 
ture results from the conditions of flow 
and configuration symmetry existing at 
these roll angles. Significant rolling 
moments have been noted, however, for 
both dg = 0° and 45° roll angles, under 


conditions where unsymmetrical body- 
wake vortices are generated ahead of 
the wings. This latter phenomena 
usually occurs when the angle of attack 
is large relative to the body nose angles; 
discussion of such untoward events is 
considered outside the scope of this in- 
vestigation. A fortuitous selection of 
angle of attack is responsible for the 
correspondence between the data at 
Mach numbers 2.00 and 3.24 (Fig. 3). 

The effect of wing chord on the in- 
duced rolling-moment characteristics 
of cruciform wing-body configurations, 
with rectangular planform, is illustrated 
in Fig. 4. These data, shown for two 
widely different wing spans, are pre- 
sented to demonstrate that, in general, 
induced rolling moments are not a linear 
function of chord. 

It is apparent (Fig. 4) that wing span 
also has a profound influence on the mag- 
nitude of the induced rolling moment. 
This observation is in concurrence with 
the results presented by Krenkel,? who 
recognized that wing size, relative to 
body diameter, was an important factor 
in influencing the magnitude of induced 
rolling moment. Another example of 
this influence is presented in Fig. 5. 
The strong influence of wing span, for 
several angles of attack, is immediately 
seen. 

Data are presented (Fig. 6) to show 
the effect of Mach number on the rolling- 
moment variation with increase in 
amount of exposed span. For the 
range of spans considered, increasing 
the Mach number affects the data by 
(1) reducing the maximum positive 
value of induced rolling-moment co- 
efficient, and (2) decreasing markedly 
the span at which the maximum positive 
value occurs. In addition, at Mach 
number 3.24, the absolute value of the 
maximum rolling-moment coefficient 
achieved at any span has decreased 
substantially. 

The present studies have also evalu- 
ated the effect of forebody length; 
it has been observed that the action 
produced by the forebody is a strong 
function of roll angle and Mach number. 
The comparisons presented (Fig. 6) 
are typical of results at a roll angle of 15 
deg—i.e., little or no effect at Mach 
numbers of 1.50 and 3.24, and the longer 
forebody giving somewhat larger nega- 
tive rolling moments at Mach number 
2.00. At a roll angle of 30 deg, the 
longer forebody produces somewhat 
smaller positive rolling moments at 
Mach number 1.50, large increases in 
negative rolling moments at Mach 
number 2.00, and no important effect 
at Mach number 3.24. These data 
indicate, therefore, that, insofar as in 
duced rolling moment is concerned, 
care should be exercised in predicting 
the detailed action of increased forebody 
length, even though it is understand 
able that the shed body-vortices would 
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AVIONICS = COMMUNICATIONS = SPACE AND MISSILE SYSTEMS 


UNDER ANY 
CONDITIONS 


Consistent with its policy of thinking 
and working years ahead, ITT Federal 
Laboratories has been concerned 
with the communications problems 
which might arise in extreme 
emergencies. That, surely, is when 
the need for rapid interchange of 
information would be greatest, and 
where the system and equipment 
would have to be absolutely reliable. 


Providing airborne guidance and 
communication systems capable of 
outstanding dependability under 
even the most unfavorable 
environmental conditions, is a 
significant aspect of ITT’s past and 
current record. Instrument landing 
systems, direction finders, distance 
measuring equipment, and guidance 
systems for some of our most 
successful missiles are but a few of 
ITT’s developments in this field. 
Today, Company-sponsored research 
activities responsible for many of 
these accomplishments have been 
greatly expanded to anticipate the 
increasingly critical communications 
needs of the future. 


To the military and to industry, 

ITT Federal Laboratories offers a 
unique combination and continuity 
of skills, already existing as a highly 
trained team, for performance of 
complex projects throughout all 
stages from original concept to the 
delivered system. 


FEDERAL LABORATORIES 
500 WASHINGTON AVENUE, NUTLEY, NEW JERSEY 


CLIFTON, N. J. + FORT WAYNE, IND. + SAN FERNANDO & PALO ALTO, CAL. 
DIVISION OF INTERNATIONAL TELEPHONE AND TELEGRAPH CORPORATION 


ELECTRONIC DEFENSE @ PHYSICAL SCIENCES | 
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Fig. 7. Comparison of predicted wing 
panel normal force coefficients with measured 
data (angle-of-attack variations). 


tend to be stronger and more severe 
interactions would be expected to occcur 
in general. 


Analytical Studies 
Wing- Wing Interference 


Of the two sources of induced rolling 
moment considered in this paper, 
wing-wing interference effects will be 
examined first. An individual wing 
panel, mounted on a body of revolution 
in the presence of adjacent wing 
panels, can develop inviscid-flow inter- 
ference forces as the result of the 
presence of these other bodies. Ana- 
lytical expressions, such as have been 
derived for slender wing and wing- 
body combinations, do not appear 
readily attainable for the inviscid-flow 
interference loads developed over non- 
slender configurations. Examination of 
the available data for a large number 
of wing-body configurations, however, 
has indicated a semiempirical solution 
which is similar in form to that written 
by Spahr* for slender, triangular cruci- 
form wings. This extended relation, 
based on a correlation of wing-panel 
data for rectangular wing planforms at 
zero incidence obtained in the investi- 
gation under consideration, may be 
written in the following form: 


= KwCnpa ap cos dp X 


(1 + Kiag sin gp) (1) 
where 
Ky = 2c(1 — c/(4Bsm))/Bsm (2) 


Experimental wing panel normal 
force coefficient data, compared with 
corresponding values calculated with 
Eqs. (1) and (2), are presented (Figs. 
7 and 8) as a function of angle of attack 
and roll angle, respectively. That the 
calculated results are in close agree- 
ment with the wind-tunnel data 
throughout the angle-of-attack range is 
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attested by the comparison (Fig. 7). 
The agreement for the leeward panels 
is seen to be good for angles of attack 
up to 12 or 14 deg. The lack of agree- 
ment between experimental data and 
estimated values for the leeward panels 
at the higher angles of attack may be 
attributed to body-wake interaction 
effects. It should be recognized, how- 
ever, that a portion of the variation in 
the panel loads can be traced to the 
variation in local dynamic head, 
(1/2)pU?, often spoken of as q-losses. 
The linear theory supposition that gq is 
constant throughout the perturbed veloc- 
ity field is controverted when the angle 
of attack of the body is no longer in 
the small disturbance category. Conse- 
quently, at the higher angles of attack, 
the so-called q-losses are being masked 
through use of the semiempirical fit of 
the constant K, to the measured data. 
The significant additionally  dis- 
turbing effect of body-wake interaction 
on the leeward panel at the higher 


Fig. 8. Comparison of predicted wing 
panel normal force coefficients with measured 
data (panel roll angle variations). 


angles of attack (20 
evidence in Fig. 8. 

The rolling moment resulting from 
inviscid-flow interference 
may be expressed as 


) is also clearly in 


phenomena 


Ci = [Cy p, (Ve.; + 
‘NPs (Ye.p./d)2 + 
Cnpy (y¥-.p./d)s + (¥e.p./d)a] (8) 


If it is assumed that the spanwise 
center of pressure is the same for all 
four wing panels, then it can be shown 
that the rolling moment, resulting from 
wing-wing interference and computed by 
the expressions presented here, is zero. 
It is therefore of importance to eval- 
uate the spanwise center-of-pressure 
variations that are associated with 
the wing-wing interference phenomena. 
The experimentally determined varia- 
tion of spanwise center of pressure with 
angle of attack is shown in Fig. 9 for 
the same configurations and under the 
same flow conditions as those illustrated 
in Fig. 7. The departure of the data 
from the straight line drawn through 
the data for both the leeward and wind- 
ward wings near zero angle of attack is 
indicative of the interference effects. 
The windward wing is seen to experi- 
ence a small inboard shift of center of 


pressure at low angles of attack tol- 
lowed by an equally small outboard 
shift at the higher angles. Contrari- 
wise, the leeward panel center of pres-] 
sure moves slightly outboard at the 
lower angles. The large outboard shift 
of the leeward wing center of pressure 
at angles of attack above about 12 deg 
may be considered to be caused by 
body-wake interaction rather than by 
wing-wing interference. Based on ob-7 
servation of the center-of-pressure shifts 
for both panels at low angles of attack 
(where potential effects are unobscured) § 
and for the windward panel at higher! 
angles of attack, it is concluded that 
center-of-pressure travel due to wing- 
wing interference is small for all angles” 
of attack and is in compensating direc- 
tions for the windward and leeward 
wings. Thus, induced rolling moments | 
due to wing-wing interference appear 
to be negligibly small compared with 
the total value of induced rolling mo- 
ment. 

The data of Fig. 9 show, however, 
that a large center-of-pressure shift on 
the leeward panel can be attributed to 
the wing-body-wake interaction. The 
appearance of this shift, at an angle of 
attack of approximately 12 deg, co- 
incides with the formation of a vortex 
system in the body wake.’ Strong 
evidence is available, therefore, to 
support the argument that the inter- 
action of the wing surfaces with the 
vortex system in the body wake is 
largely responsible for the induced 
rolling-moment phenomenon. 


Body- Wake Interaction 


The vortices formed in the wake of a 
body affect the attached lifting surfaces 
by altering the local flow character- 
istics—i.e., angle of attack, Mach 
number, static pressure, etc.—across 
the span. The variations in the magni- 
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Fig. 9. Variation of wing panel spanwise center 
of pressure with angle of attack (M = 2.00) 
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ADVANCED PROPULSION 
SYSTEMS CAPABILITY 


Based on Four Decades of 
Propulsion Experience 


UNITED TECHNOLOGY CORPORATION 


A subsidiary of United Aircraft Corporation 
P.0. Box 358, Sunnyvale, California 
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VORTEX INDUCED 
VELOCITY DISTRIBUTION 


IMAGE VORTEX 
/ | CROSSFLOW VELOCITY 


Fig. 10. Body-wing-vortex cross-flow model. 


tude and spanwise distribution of the 
panel normal forces, which are produced 
by these changes in local flow character- 
istics, are, therefore, functions of both 
the strength of the vortices and the 
geometry of the wing-vortex system. 
Consequently, comprehension and pre- 
diction of the effects of wing-vortex 
interactions must depend critically on 
the description of the vortex system 
itself. Fortunately, experimental data 
are available’ which describe the wake 
vortex system generated by the body 
of the wing-body configurations con- 
sidered in the present study. These 
vortex data eliminate the additional 
complexity of relying on theoretical 
estimates of the vortex system and are 
used as a basis for the subsequent analy- 
sis made here. 

In developing an analytical method 
for describing the induced rolling- 
moment phenomena, the following gen- 
eral assumptions may be made: 

(1) The principles of superposition 
are applicable—i.e., wing panel loads 
arising from the interaction of the wing 
panels and the body vortex system are 
independent of the forces and force 
distributions which would be present in 
the absence of the interference effects. 

(2) The cross flow is incompressible 
and irrotational and, hence, can be 
described adequately by incompressible 
potential theory. 4 

(3) Simple line vortices (vortex core 
effects are neglected) are used to repre- 
sent the body-wake vortices. In cases 
where the effects of the vortex feeding 
sheet are considered, the feeding sheet 
is to be represented by a finite number of 
simple vortices. 

(4) The effect of a vortex on a wing 
panel is determined by the conditions 
of vortex flow at the wing leading edge. 

Fig. 10 sketches the cross-flow model 
of the wing-body-vortex system, show- 
ing the relative positions of the main 
wake vortices, the image vortices 
(necessary to preserve tangential flow 
at the body surface), and the wing-panel 
positions for a roll angle of 15 deg. The 
vortex pattern shown is that which 
exists at the location of the wing leading 
edge. Shown also are the distributions 
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of velocities, normal to the wing 
panels, induced at the leading edge of 
the four wing panels by the vortex 
system. The importance of panels 
near the wake vortices is obvious. For 
the conditions shown, the upper vertical 
panel appears to have a controlling 
influence on the vortex-induced rolling 
moment. It is of interest to observe 
that wings of small span will tend to 
have positive induced rolling moments, 
while larger panels will have increasingly 
more negative rolling moments. In 
addition, it can be inferred that the 
span at which the maximum induced 
rolling moment occurs is a rough meas- 
ure of the location of the wake vortex 
with respect to the body. The data 
presented in Fig. 5, compared with the 
cross-flow model, indicate considerable 
substantiation of the foregoing discus- 
sion. 


Fig. 11. Comparison of predicted rolling- 
moment coefficient with measured data (effects 
of span). 
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Fig. 12. Effect of vortex feeding sheet correc- 
tion on predicted rolling-moment coefficient. 


Based on the panel velocity distribu- 
tions for the wing-body-vortex model 
just described, the following three 
methods were considered for the com- 
putation of induced rolling moments. 
(1) Impact Theory 

For this method, it was assumed that 
the induced forces resulted from the 
inelastic collision of the mass flow, nor- 
mal to the wing chord plane, with the 
panel surface (which is considered to 
be a flat plate). The resulting equa- 
tion for the spanwise distribution of 
the panel normal force coefficient is 


dCyp/dy = (2/b) (Vnw/Uo)? (4) 
(2) Two-Dimensivnal Linear 
Wing Theory 


According to first-order potential 


theory, the spanwise normal force dis- 
tribution is given as 


dCyp/dy = (4/8b) (Vw/Uo) (5) 


(3) Linearized Three-Dimensional 
Wing Theory 


The spanwise normal force distribu- 
tion given by linearized wing theory, 
for wings of finite aspect ratio, can be 
written as 


dCyp/dy = (4/6b) N(y) (Vn/Uo) (6) 


where N(y) is the local value of the 
normal force influence function which 
was obtained by modification of the roll 
influence function given by Alden and 
Schindel.! The modified roll influence 
function was used in order to obtain a 
more accurate definition of the wing 
spanwise loading. For the purposes 
of the present computations, _ this 
method was used only for wings having 
effective aspect ratios, 28b/c, greater 
than 1.0. 

The computations which have been 
performed using these methods have 
shown that, although the induced 
rolling moment is strongly influenced by 
the strength of the body vortices, it is 
extremely sensitive to the geometry 
of the vortex-wing system. This prime 
concept of the calculational model being 
employed explains why, as previously 
noted, the induced rolling moment 
is not consistently greater for the long 
forebody compared to the short fore- 
body, despite the fact that the long- 
forebody vortex strength at the wing 
leading edge is assuredly much greater 
than that of the short forebody. 

A comparison of results from the 
three analytical methods with experi- 
mental data is presented in Figs. 11 
and 12. The induced rolling-moment 
coefficients are plotted as a function of 
exposed wing span. Large differences, 
in general, between the analytical 
methods are to be observed. The im- 
pact theory (Fig. 11) appears to give 
good results for the very-low-aspect- 
ratio planforms. It will be shown 
later, however, that the agreement 
results from a fortuitous selection of 
wing chord. The inability of the im- 
pact theory to predict even a qualita- 
tively correct variation in rolling mo- 
ment at this Mach number is obvious. 

Although linearized two-dimensional 
theory (Fig. 11) predicts, in a general 
way, the shape of the experimental 
curve, it exhibits serious quantitative 
differences over most of the range of 
spans considered. In particular, it 
does not appear possible to predict 
those values of wing span where either 
maximum or zero values of induced 
rolling moment exist. 

Most satisfactory of the methods con- 
sidered is the linearized three-dimen- 
sional wing theory (Fig. 12). Al- 
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Fig. 13. Comparison of predicted rolling- 
moment coefficient with measured data (effects 
of chord). 


though its use has been limited to the 
moderate-to-large wing spans, it gives 
good results where used. In an effort 
to improve the quantitative accuracy 
of the method, an estimation was made 
of the effect of ‘the feeding sheet on the 
computed values of induced rolling 
moment. A single, concentrated vor- 
tex (plus its image vortex) was used to 
approximate each feeding sheet. The 
results, although not dramatic, show 
an improvement in the estimated 
values. Further improvements in the 
feeding sheet approximation were not 
made because of the computational 
labor involved. It is doubted, though, 
that the feeding sheet can account for 
the total difference between the esti- 
mated and experimental values. It 
is believed that the approximations 
inherent in the assumed simplified flow 
model, coupled with the inability to 
define adequately the small net forces 
producing the rolling moment, are basic 
limitations to the quantitative accuracy 
which can be achieved. 

Fig. 13 further illustrates the re- 
liability of the analytical methods and 
provides a comparison of analytical 
and experimental data as a function of 
wing chord. These data show that 
two of the methods, impact theory and 
two-dimensional theory, indicate a 
linear variation of rolling moment with 
chord, and are inadequate, conse- 
quently, for prediction of even the 
general shape of the experimental 
curve. It appears, however, that the 
two-dimensional linear theory does 
satisfactorily predict values for very 
small chords or, rather, for very large 
aspect ratios. The three-dimensional 
theory, although indicating the non- 
linearity of the data, gives increasingly 
poor quantitative agreement with de- 
creasing aspect ratio. This trend is 
particularly evident for the smaller-span 
wings considered (b/a = 0.73). It 
can be reasoned, nonetheless, that the 
analytical results for this short span 
are not physically realistic. Low- 
aspect ratio-wing theory! predicts that 
portions of the wing far downstream 
of the leading edge will be subject to 
small negative potential forces, which 
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become negligible as the wing chord is 
increased. Wings of such small span 
lie completely inboard of the vortex 
core, so that the resulting angle-of- 
attack distribution is such as to give 
only positive rolling-moment  incre- 
ments on wings of high aspect ratio. 
It can be further reasoned that in- 
creasing the wing chord can result at 
most in small negative increments in 
rolling moment, which will become 
negligible for large values of the chord; 
but this trend to smaller forces cer- 
tainly will not result in the large de- 
creases indicated in Fig. 13. The ex- 
perimental results, which show a slowly 
increasing induced rolling moment, 
tend to corroborate this conclusion. 
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Fig. 14. Comparison of predicted rolling- 
moment coefficient with measured data (effects 
of angle of attack). 


In spite of its failure to give adequate 
results when applied to low-aspect- 
ratio-wing configurations, the linearized 
three-dimensional theory provides the 
most suitable method for estimating 
induced rolling moments. Because of 
this, the agreement between estimated 
and experimental variations with angle 
of attack and angle of roll was investi- 
gated by use of this method. The 
results are shown in Figs. 14 and 15. 
The excellent quantitative agreement 
which exists for the wing planform 
considered is not to be expected gener- 
ally for other planforms. The good 
agreement in the variations of induced 
rolling-moment coefficient with angle 
of attack and roll angle certainly 
illustrates further the validity of the 
vortex-wing interaction approach. 

Inasmuch as vortex location and 
strength data were not readily available 
for Mach numbers other than 2.0, a 
check of the analytical method has not 
been made at other Mach numbers. It 
is expected that less accurate results 
will be obtained where the use of 
theoretical estimates of the vortex 
system is required. Nevertheless, it 
is felt that the effects of the interaction 
of the body wake vortex with attached 
lifting surfaces, calculated by suitable 
three-dimensional theories, represents 
the most satisfactory method for esti- 
mating high angle-of-attack supersonic 


induced rolling moments at the present 
time. 


Conclusions 


Induced rolling moments at high 
angles of attack are due principally to 
the interaction of the body wake-vortex 
system with the attached lifting sur- 
faces. These rolling moments, there- 
fore, are strong nonlinear functions of 
both wing chord and wing span. Large 
clockwise rolling moments can _ be 
avoided by selecting wing spans such 
that the wing tips do not lie in close 
proximity to the body-wake vortices. 
For large span wings (wing tip far 
outside of the influence of the wake 
vortex), the induced rolling moment 
reaches an asymptotic counterclock- 
wise value which is determined by the 
unbalanced loads developed on the in- 
board portions of the wings. It follows 
that for any particular condition of 
body wake-vortex geometry, a_par- 
ticular value of span will result in zero- 
induced rolling moments even in the 
presenice of nonuniform wing spanwise 
loadings. 

Wing-wing interference phenomena 
produce nonlinear incremental wing 
panel loads on cruciform-wing con- 
figurations. These incremental loads 
are developed on the various wings in 
such a fashion, however, that no 
significant rolling moment is contributed 
to the total integrated behavior of the 
configuration. 
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Fig. 15. Comparison of predicted rolling- 
moment coefficient with measured data (effects 
of roll angle). 


Estimates of induced rolling moments 
using three-dimensional wing theory 
based on the vortex-induced velocity 
distribution at the wing leading edge 
show generally good agreement with 
experimental data. This agreement 
can be improved by considering the 
effect of the vortex feeding sheet in 
addition to that of the main vortices 
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Missions to Mars (Continued from page 19) 


required to perform the necessary ma- 
neuvers. In general, the shorter the 
duration of the mission, the greater is 
the AV requirement. The second factor 
is the “‘payload,’’ which comprises not 
only the men and the scientific equip- 
ment they require but also the equip- 
ment needed to sustain and protect them 
in the hostile environment of space. 
As will be shown later, the weight re- 
quired to perform these functions tends 
to increase with trip time. By com- 
bining the effects of these two opposing 
trends, an evaluation of the effect 
of mission time can be obtained. 

The trajectory requirements for 
these missions are examined first. 
Because of the magnitudes of the ve- 
locity increments required and the 
limitations of specific impulse currently 
believed possible with high-thrust pro- 
pulsion systems, the feasibility of the 
use of atmospheric braking in the de- 
celeration phases will be examined as a 
means to decrease the weights required 
for the mission. 

Following this, the radiation hazard 
in space will be discussed. The nature 
of the different types of radiation en- 
vironment that are encountered during 
a voyage and the shielding required to 
protect the crew will be considered. 
Finally, the effects of these factors will 
be combined to yield complete vehicle 
systems for missions of varying duration. 


Trajectory Requirements 


Many possible trajectories for ac- 
complishing a round trip to Mars have 
been studied in some detail by using a 
three-dimensional model of the solar 
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Fig. 1. Mission profile. 


system and “‘best fit’’ ellipses for the 
orbits of Earth and Mars. Because 
this study has been limited to high- 
thrust propulsion systems, impulsive 
velocity increments have been used 
throughout with a patched-conic repre- 
sentation of the trajectories. The ap- 
proximate information thus derived 
has been checked against precision n- 
body calculations and has been found 
to agree to within about 2 percent in the 
AV requirements, which is sufficient 
accuracy for present purposes. 

The minimum total velocity incre- 
ments have been determined for a range 
of mission times and are presented in 
Fig. 2. It is noteworthy that the total 
velocity increment does not decrease 
continuously as mission time increases. 
This would seem to rule out missions 
of certain durations, at least from a pro- 
pulsive energy standpoint. For ex- 
ample, missions lasting between 500 
and 700 days require velocity incre- 
ments equal to or greater than that re- 
quired for a 500-day mission. 

The effect of wait time is different 
for the two regions in this figure. As 
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previously shown in the two-dimensional 
data,* for the left-hand branch, an in- 
crease in wait time is accompanied by an 
increase in total velocity increment. 
For the right-hand branch, it is possible 
to decrease the AV required by increas- 
ing the wait time. For the purposes 
of this study it was decided to use wait 
times of 40 days for mission durations 
up to 800 days. For longer trip times, 
wait times of up to 450 days were used 
in order to take advantage of the lower 
AV for such missions. 

Regardless of what mission time is 
selected, the magnitude of the total 
AV required for the round trip from 
orbit to orbit is quite high. Considering 
the essentially exponential growth of ve- 
hicle weight with propulsive AV, it 
would be most desirable to reduce the 
propulsive AV required. The presence 
of an atmosphere at Earth and Mars 
offers the opportunity to reduce the pro- 
pulsion requirements through the use of 
atmospheric braking for the deceleration 
phases of the mission. How much of 
the total velocity increment can be 
saved in this manner is indicated in 
Fig. 3, wherein the previous data 
are reproduced along with curves in- 
dicating the requirements if atmos- 
pheric braking is used upon return to 
Earth alone, as well as for such deceler- 
ation at both Mars and at Earth. 

It is obvious that using atmospheric 
braking can reduce substantially the 
propulsion requirements for Mars round 
trips. In addition to the general de- 
crease in the level of the propulsive 
velocity increment required, another im- 
portant effect of the use of atmospheric 
braking is the change in the relative 
AV’s for the long and the short trips. 
The greater the use of atmospheric 
braking, the less we are penalized for 
making the short trips. 


Atmospheric Braking 


The potential advantage of the use of 
atmospheric braking having been estab- 
lished, one must inquire as to the fea- 
sibility of such a process for the missions 
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Fig. 3. Benefits of atmospheric braking; opti- 
mum departure dates. 
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Fig. 4. Atmospheric braking and associated 


maneuvers. 


under consideration. The vehicle entry 
speeds for interplanetary trips are, of 
course, hyperbolic. For most of the 
trip durations considered, however, 
these speeds do not exceed 10 miles/ 
second. For comparison, the entry 
speed from a lunar mission is about 7 
miles/second. 

The first thing to be considered in 
the application of atmospheric braking 
is the series of maneuvers required to 
effect the desired deceleration. The 
various phases of such an operation 
(Fig. 4) are indicated and discussed in 
the order of their occurrence. 


Maneuvers 


During the extra-atmospheric ap- 
proach to the planet, the guidance 
system must guide the vehicle so that it 
encounters the atmosphere within a 
certain region which has been termed 
the aerodynamic “entry  corridor.’’* 
The boundaries of the aerodynamic 
entry corridor are termed the overshoot 
and undershoot bounds. Approaches 
at altitudes greater than that of the 
overshoot bound will result in the ve- 
hicle not being able to acquire the de- 
sired deceleration flight path. Ap- 
proaches on paths lower than that of the 
undershoot bound result in flight paths 
that exceed the vehicle load limit, heat- 
ing limit, or both. In general, deep 
entry corridors are desirable in that 
they act to reduce the burden on the 
approach guidance system. 

Following the entry operation, the 
vehicle is maneuvered to place it on the 
desired deceleration flight path. A 
desirable deceleration flight path is one 
that results in a minimum total heat 
input to the vehicle. Several decelera- 
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tion paths have been considered® and, 
for the paths considered, the one that 
yields the lowest heat load is a con- 
stant-g path with the total acceleration 
held at the vehicle limit value. Such 
paths have about one half the heat load 
as constant-angle-of-attack paths of 
the same maximum g-load 

After the specified decrease in vehicle 
speed is achieved, the vehicle either 
descends and lands or is maneuvered 
so that it leaves the atmosphere and 
ascends to establish an orbit. For the 
latter purpose, a rocket impulse must 
be provided at the apogee of the exit 
orbit in order to raise the perigee alti- 
tude above the atmosphere 
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Fig. 5. Atmospheric-entry vehicle. 
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Fig. 6. Weight expended for decelerating at 
Earth. 


Entry Vehicle Performance 
and Design 


Selection of the best vehicle design 
for an atmospheric braking operation is 
a process of compromise among the 
conflicting requirements of the various 
phases of the operation. Each phase 
has been studied and its characteristics 
determined. From the results of these 
investigations, suitable compromises 
have been made. 

The aerodynamic entry corridors were 
studied as functions of approach ve- 
locity, vehicle maximum L/D, de- 
celeration level, and mode of operation 
during entry. Guidance corridors were 
evaluated using the technique described 
by D. Harry and Friedlander.’ Sub- 
ject to the constraints imposed by heat- 
ing during the deceleration, it was found 


that guidance and aerodynamic cor- 
ridors are compatible for entries at 
speeds up to 10 miles/second, for ve- 
hicles with a maximum L/D of unity, 
This range of entry speeds encompasses 
those corresponding to aimost all the 
mission times considered in the study 

A vehicle configuration which can 
perform such an entry is shown in Fig. 
5. It has the following characteristics: 
delta planform with 60° of leading-edge 
sweep, a hemicylindrical leading edge 
having a radius of one half the vehicle 
thickness, and a thickness-to-maximum- 
chord ratio of about 0.4. Such a vehicle 
has a maximum lift-drag ratio of 1.0. 
For a 30,000-lb gross weight, the vehicle 
would have a span of about 22 ft, a 
root chord of about 19 ft, and would be 
about 8 ft thick. 

The heat protection for such vehicles 
was studied’ for different entry speeds 
and deceleration flight paths. There 
are two modes of heat input to the ve- 
hicle: convective heating and that re- 
sulting from hot-gas radiation. Hot- 
gas radiation can generally be avoided, 
even at the flight speeds considered, 
if the vehicle surface angles are limited 
to 20 or 30 deg. with respect to the free- 
stream direction. With such low sur- 
face angles, the gas static temperature 
does not become high enough to give 
rise to appreciable radiative heat trans- 
fer. Such angle limits have been ob- 
served in the present calculations. 

The heat protection system used 
comprises two parts—the primary and 
secondary systems. The primary sys- 
tem protects against the major portion 
of the potential total heat load. The 
secondary system serves to maintain 
the desired temperature for the payload 
and structure of the vehicle. A number 
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fig. 9. Predicted number of giant major flares; 
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i primary systems can be considered. 
Of these, ablation appears most at- 
tractive in terms of weight required for 
the hyperbolic speeds characteristic of 
entry from interplanetary missions. 
For this primary system, the secondary 
system selected consists of some insula- 
tion and a water boiling system. 

A parameter of primary interest for 
the braking operation is the ratio of the 
weight of material ablated during this 
process to the gross weight of the vehicle. 
his ratio for deceleration at Earth 
to circular speed is shown as a function 
of the entry speed in Fig. 6 for a vehicle 
typical of those investigated during the 
study. This vehicle has an (L/D) max 
f 1, operates at a maximum of 8 g’s, 
and has an initial weight of 30,000 Ib. 
For a constant fuselage density, the 
weight ratios indicated by the curve 
were found to be insensitive to variations 
in gross weight. 

For entry speeds below twice circular 
at Earth, the weight of the primary 
heat protection material ablated to 
decelerate to circular velocity is less than 
\) percent of the gross weight. If the 
same deceleration were to be performed 
by propulsive means, much larger 
weights would be expended. To il- 
lustrate this, the second curve of Fig. 6 
shows the propellant fraction required to 
perform the same operation with a 
nuclear rocket with a specific impulse 
of 900 sec. For the case of entry at 
twice circular speed, the rocket braking 
requires about six times as much weight 
expended as does the atmospheric brak- 


ing. For this comparison, it has been 
assumed, for both cases, that decelera- 
tion from circular to suborbital speed, 


as is required for landing, is accomplished 
by atmospheric braking, the generally 
accepted method. For a direct descent 
to the surface from twice circular speed, 
the total ablated weight is 13 percent 
of the initial weight as compared with 
the 9 percent required to decelerate 
only to circular speed. 

Structure—In order to discuss the 
Weight of the structure of the atmos- 
pheric braking vehicle, the types and 
nature of the loads it encounters must 
be considered. A sketch (Fig. 7) 


indicates the loads for the vehicle de- 
scribed previously. During entry, the 
vehicle operates at low angles of attack. 
This type of operation results in the 
principal air loads being on the sides of 
the vehicle, which places the top and 
bottom surfaces in compression. These 
air loads are approximately proportional 
to the g-loads, or the deceleration rate. 
In contrast to the case of more conven- 
tional aircraft where the structure is 
designed by the normal acceleration 
loads, in the present case the structure 
is designed by the axial acceleration 
loads. 

One of the advantages of the heat pro- 
tection system chosen is that it yields a 
“cool’’ structure, which permits the 
use of conventional aircraft materials 
such as aluminum. The estimated 
values of the weight of vehicle structure 
and secondary cooling system are shown 
as a function of vehicle density (Fig. 
8). For both Mars and Earth, the 
necessary corridor depths call for an 
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Fig. 10. Shielding density for Van Allen belt 
radiation; parabolic escape from 150-nm circ. 
orbit. 


entry maneuver at about 10 g. As 
this determines the design stress level, 
the curves shown are applicable for 
entry at either planet. 

For the 30,000-Ib vehicle previously 
described (typical of those considered 
for the return to Earth), the vehicle 
density is about 15 lb/cu ft; the corre- 
sponding structural weight fraction is 
about 20 percent. The structural 
weight fraction shows a significant rise 
with decreasing fuselage density. This 
is a very important characteristic when 
the use of atmospheric braking is con- 
sidered for establishing an orbit about 
Mars where the entry vehicle must con- 
tain the propellant for the return pro- 
pulsion from Mars. For nuclear-rocket 
engines this propellant is hydrogen, 
which is very tenuous and results in 
vehicle densities of the order of 5 lb/cu 
ft. The structural weight for such 
vehicles is quite high. This, in addition 
to the fact that the structural weight is 
not used again for a descent operation, 
can reduce considerably the possible ad- 
vantages of atmospheric braking for this 
phase of the mission. For entry vehicles 


which do not contain hydrogen, the 
density is higher and the structural 
weights are much lower. 

Summarizing the foregoing sections, 
it has been established that the aero- 
dynamic entry corridors and the guid- 
ance corridors are compatible for entries 
at speeds up to about twice circular 
speed at Earth. For the heat-transfer 
characteristics assumed, the weight 
expended during a braking maneuver 
using an ablation heat protection sys- 
tem is much less than that required for 
propulsive braking. All told, the use of 
atmospheric braking seems quite prom- 
ising, except possibly when the vehicle 


must contain large quantities of 
hydrogen for subsequent propulsion 
periods. 


Radiation Hazards 


Thus far, the factors which have been 
considered do not depend on the type of 
payload, animate or inanimate, except 
possibly through the g-load selected. 
When the missions are manned, the 
equipment and supplies necessary to 
sustain and protect the crew must be 
considered. These factors determine 
size and weight of “‘payload”’ and inter- 
act with propulsion requirements to 
determine the absolute size of the vehicle 
system. 

At the outset of this study, it soon 
became apparent that the crew’s ex- 
posure to radiation from various sources 
and the consequent biological shielding 
requirements constitute one of the 
major factors affecting the results. 
Although current knowledge of radia- 
tion hazards is, to say the least, not com- 
pletely satisfactory, shielding estimates 
based on available information have 
been incorporated into this study in 
order to form some idea of the magni- 
tudes involved. 


Radiation Sources 


Van Allen—A belt of trapped radiation 
surrounds the Earth except in the polar 
regions. Two zones of intense radiation 
exist within the belt. The inner zone 
contains many electrons, but more im- 
portantly, a large number of protons, 
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carbon shield. 
July 1961 + Aerospace Engineering 53 


Ir % RISK 
at 
e 
es 
he 
an 
ig 
Be 
ge 
n 
‘le 
0 
‘le 
a 
be 
es 
ds 
re 
re 
e 
rt 
100- 
ed | 
| 
ir ol 
ire | 0.05 
DOSE 
ve REM 
1S- 1.0 
| 
| 
ed 
on 
he 
in 
ad 
er 
= 
al 
DOSE 


pos 


REM/FLARE 


200 400 600 
SHIELDING DENSITY, LB/SQ FT 


Fig. 12. Shielding density for solar flares; car- 
bon shield. 


those of energies over 30 mev being 
confined to altitudes between about 
400 and 5,000 nautical miles. The 
outer zone extends over a much wider 
range of altitudes but is mostly com- 
posed of electrons, which are easily 
stopped by a thin sheet of metal. In 
the calculations, it was assumed that the 
radiation flux is constant for all altitudes 
within the inner zone and is equal to 
the value at the middle of the zone. 


Cosmic Ray—Cosmic radiation consists 
of very energetic atomic nuclei, over 
90 percent of which are protons. How- 
ever, the heavier particles comprise 
more than 30 percent of the total by 
weight and also have far more dele- 
terious effects on man. Cosmic-ray 
fluxes exhibit a significant variation 
with time which is related to solar ac- 
tivity. In this paper, however, the 
cosmic radiation rate was taken as a 
constant, equivalent to 0.65 rem/week. 


Solar Flares—At irregular intervals the 
Sun emits bursts of radiation which are 
classified according to the area of the 
visible disturbance on the Sun’s sur- 
face. Class 1 and 2 flares occur almost 
continuously, but their accompanying 
radiation is believed to be sufficiently 
low in energy that it is stopped by even 
thin walls and is, therefore, ignored 
herein. Class 3 flares, which occur on 
the average of about once a month, 
emit mostly protons (of energies up to 
500 mev) with possibly 10-percent 
alpha particles. 

At rare intervals there occur giant 
major flares. These are large flares 
of the class 3 category which may emit 
up to 10,000 times the usual intensity 
radiation with particle energies as high 
as 20 bev. In the 20 years during which 
facilities for observing these flares 
have been available, six have been re- 
corded, occurring on the average about 
once every 4 years. Not much confi- 
dence can be placed in the accuracy of an 
average based on only six points; that 
is, the next six flares may very well have 
an appreciably different average period. 

Even if the average interval between 
giant flares were accurately known, 
we must recognize that the flares do not 
occur exactly on schedule. If’ their 
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occurrence is treated as random, the 
probability of encountering various 
numbers of flares during a trip of speci- 
fied duration can be readily calculated. 
The results of such a calculation are 
shown (Fig. 9) for two particular levels 
of risk (i.e., there is a certain probability 
that more than the predicted number 
will actually be encountered). What 
constitutes an acceptable risk level 
depends on the seriousness of permitting 
the crew to suffer more than the design 
dose for the trip. This point is dis- 
cussed in a later section 


Engine—Nuclear engines will subject 
the crew to some radiation in addition 
to the external sources already men- 
tioned. This radiation is composed of 
gamma rays and neutrons, which are of 
fairly low energy in comparison with the 
other particles that have been described. 


Shielding Density 


Curves have been drawn to show the 
variation in dose rate with shielding 


ENGINE—CREW 
SEPARATION 
STANCE, FT 


100 
3 
DOSE RATE, '0 
POWER 

REM/HR-MW 
10 
+ 
10 

ott 

200 a 600 800 

SHIELL EN Y B/SO FT 
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radiation; propellant tank length, 100 ft. 


density (in lb/sq ft of surface area) 
for each of the radiation sources de- 
scribed. The uncertainties in this area 
are threefold: (1) the quantitative 
characteristics of the radiation in space 
are poorly known (i.e., number of par- 
ticles, energy spectrum, isotropy, etc.), 
(2) the interactions of high-energy 
particles with various shield materials 
are in doubt, and (3) the effects of the 
particles of different energy on human 
tissue (i.e., the relative biological effec- 
tiveness) are largely unknown. The 
data selected for use in this paper have 
been taken principally from the results 
of Wallner and Kaufman.*:* The Noyes 
and Brown data” were also used for the 
Van Allen radiation calculations 

The dose the crew incurs during each 
traversal of the Van Allen belt (in the 
more intense equatorial region) is 
shown in Fig. 10. Low initial thrust- 
weight ratios are undesirable in this 
regard, since they prolong belt expos- 
ure time. The data presented are for 
parabolic escape missions; the higher 
energy trajectories associated with Mars 
missions tend to reduce the dose, but 
the effect is very slight 


Fig. 11 shows the dose rate due to 
cosmic radiation. As a result of the 
interaction of high-energy particles 
with the shield to create secondary 
radiation, it is seen that a thin shield 
is worse than none at all. 

Fig. 12 shows the dose imparted by a 
single flare of either the ordinary class 
3 or the giant major variety. These 
data are conservative in that they are 
based on the more violent flares of each 
type; the average flare is considerably 
less potent. On the other hand, they 
are optimistic in that the production of 
secondary radiation has been ignored. 

Fig. 13 shows the very approximate 
chart used to calculate the dose from 
the engines. This included the benefit 
of interposing the propellant tank be- 
tween the engine and the crew. More 
accurate estimates were unnecessary, 
as the engine radiation contributes a 
fairly small portion of the total dose 
received by the crew for the configura- 
tions used 


Shield Weight 


The aforementioned data were com- 
bined to find the shield weight required 
to give the crew various total doses dur- 
ing their journey. Detailed layouts 
of the living quarters led to a design 
having a shielded volume of 4,200 
cu ft and a surface area of 1,600 sq ft 
Within this volume is a small, heavily 
shielded vault, inside which the entire 
crew is assumed to remain during all 
class 3 and giant major flares. This 
presumes the presence of a suitable 
monitoring system to warn the men of 
the start of a flare. The duration of 
high-intensity radiation from a flare 
is from a few minutes to 8 hr (although 
the duration of increased radiation ac- 
tivity may be considerably longer) 
A cylindrical vault of 500-sq ft surface 
area was found to provide sufficient 
volume (about 615 cu ft) to contain the 
7 men fairly comfortably for these short 
periods. Shadow shielding was not 
employed since, as far as is now known, 
little of the external radiation is direc- 
tional in nature. 
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Fig. 14. Shield weight; vault surface area, 500 
sq ft. 
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Fig. 14 shows the calculated shield 
weight required to limit the total crew 
dose to either 50 or 100 rem during the 
trip. The giant major flares were pre- 
dicted at the 5-percent risk level. The 
crew was assumed to be in the vault 
whenever the engines were operating 
or a Van Allen belt was being pene- 
trated. During these periods the re- 
sultant crew dose is generally quite 
small. When returning to Earth, the 
crew will be in an aerodynamic re- 
entry vehicle while passing through the 
belt. The protection afforded by struc- 
ture and ablation material will result in a 
dose of about 5 rem from this passage. 
Throughout the trip it is assumed that 
the crew members sleep in the vault, 
thus offering further protection against 
cosmic radiation during one third of 
the time. 

Except for flight times so short that 
no giant major flares are to be expected, 
the presented shield weights are enor- 
mous, even for a 100-rem dose. The 
greatest part of this weight is required 
to protect against the giant flares. As 
a result, in most cases it was found best 
to place all the shielding around the 
vault, with none around the living 
quarters. 

If it should become possible to predict 
long periods in which no flares are 
expected, major reductions can be made 
eg., a 420-day trip would require 
only a 47,000-Ib shield for a 100-rem 
dose). Since, however, such periods 
would have to coincide with favorable 
launch dates from an energy stand- 
point, the number of suitable launch 
periods might be unduly restricted. 

The approximately 30,000 Ib of 
supplies in the vehicle (for a 420-day 
mission) provide some shielding effect. 
They are probably most useful if em- 
ployed as shadow shielding against the 
engine radiation, although little atten- 
tion was given to this point. 


Tolerable Doses 


To all the uncertainties that entered 
into the shielding calculations must be 
added that of exactly what doses the 
crew should be permitted to take. 
Currently recommended industrial dose 
rates are very small, in the order of 5 
rem per year, with a host of qualifica- 
tions and emergency dose values that 
depend on the rates and duration of 
exposure. However, doses of 100 rem 
within a few hours will not cause radia- 
tion sickness in most individuals; and 
the other detrimental results such as 
shortened life, increased propensity to 
leukemia, etc., are so slight as to be 
measurable only statistically in a large 
population. 

As pointed out by several authori- 
ties,'! it does not appear reasonable to 
restrict the participants in such a haz- 
ardous endeavor as space flight to such 


conservative doses as the recommended 
industrial value. For the dual reasons 
of simplicity and insufficient knowledge 
of anything better, the approach of the 
present paper is to limit the crew dose 
to a constant value of either 50 or 100 
rem for all trip times. 

A reasonable alternative to this ap- 
proach would be to vary the dose with 
time (e.g., 50 rem for 1 year, 100 rem 
for 2 years, etc.). A somewhat differ- 
ent approach would be to assign the 
allowable dose (either constant or time- 
dependent) on the basis only of the 
more-or-less steady background radia- 
tion (i.e., cosmic rays and class 3 flares). 
The intermittent short-time doses (Van 
Allen belts and giant major flares) 
would be allowed over and above the 
regular dosage, with the proviso that 
the dose from each single incident not 
exceed a limiting value. Because of 
the virulence of giant major flares, 
this approach is not especially helpful 
for the shorter trips. For example, if 
the short-term dose were limited to 100 
rem, the vault weight can be no lower 
than 145,000 lb. However, if in addi- 
tion a background dose of 100 rem is 
permitted, no increase need be made 
in shield weight until trips last well over 
1,000 days. 

In any event, no recommendation of 
an allowable dose or dose rate is to be 
inferred from this paper. The values 
used are to be considered as illustrative 
and are intended only to serve to point 
out the severity of the problem and the 
effects on the mission requirements. 


Results and Discussion 


Some of the more important factors 
considered in the present study have 
been described in the foregoing. Among 
the other factors that have been in- 
corporated in the analysis are: eco- 
logical system requirements, propulsion 
system characteristics, and propulsion 
system structures. The assumptions 
made concerning these items are de- 
scribed in the Appendix of this article. 

In subsequent sections, the individual 
effects of the major factors on the re- 
quirements for the missions will be 
examined first. Then the combined 
effects will be examined as functions of 
the mission time. 


Vehicle Configuration 


A vehicle system (Fig. 15), typical of 
those derived for the round trips to 
Mars, is shown. The vehicle consists 
of a long central tank surrounded by 
two clusters of smaller tanks. These 
are surmounted by the cabin, or living 
quarters, which contains the shielded 
vault. Above this is a pair of atmos- 
pheric entry vehicles. A single nuclear- 
rocket engine, with a specific impulse of 
900 sec, is attached to the bottom of 
the central tank and is used for all the 
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Fig. 15. Typical Mars-mission vehicle. 


main propulsion periods. This implies 
a restartable engine, which seems quite 
feasible since the period between firings 
is no less than 40 days. 

The vehicle operates in the following 
manner: Starting from an orbit about 
Earth at an altitude of about 300 miles, 
the first propulsion period accelerates 
the vehicle until it has acquired the 
transfer energy required. The weight 
of propellant required for this operation 
is contained in the lower cluster of 
tanks. The actual flow of propellant 
into the engine is from the central tank, 
which is replenished from the lower 
cluster during the firing by a suitable 
propellant transfer system. This flow 
scheme has been adopted in order to 
reduce the weight required for the 
engine-radiation thermal shield. Upon 
completion of this propulsion period, 
the lower cluster of tanks is jettisoned. 
The remainder of the system then coasts 
to Mars and is decelerated, by the 
second engine firing, to establish a low 
circular orbit about Mars. The con- 
tents of the upper cluster of tanks are 
used to replenish the central tank for 
this firing. Prior to the final propulsion 
period for the return to Earth, these 
tanks are discarded, leaving just the 
central tank and payload. 

After the orbit is established at Mars, 
two of the crew enter the Mars Landing 
Vehicle and descend to the surface 
using atmospheric braking for decelera- 
tion. This vehicle (Fig. 16) is shown 
as it appears after a landing. Its initial 
weight is 60,000 Ib and it contains the 
propellants and propulsion systems 
required for the terminal landing ma- 
neuvers, the ascent to orbit, and the 
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Fig. 16. Mars landing vehicle. 
A, control capsule; B, propellants (storables); C, boost rocket motor; D, landing gear ("shocks” 
compressed); E, landing retrorocket motor; F, aerodynamic control surfaces (in landing position); G, 


surface exploration vehicle. 


rendezvous with the orbit party. The 
vehicle separates into two parts with 
the bottom of the vehicle serving as the 
launching pad for the ascent. A small 
tracked vehicle is included as a part of 
the system to permit the two men to 
explore more than a limited area of the 
surface. 

After the period of exploration, the 
men enter the ascent vehicle, taking 
with them a few hundred pounds of 
records and specimens (all other data 
having been transmitted to and recorded 
by the orbit party). The ascent ve- 
hicle is abandoned after rendezvous. 

With the crew now reassembled, the 
engine is fired for the final time, empty- 
ing the central tank, which is then jet- 
tisoned. The living quarters and the 
Earth Landing Vehicle then coast 
back to Earth. Shortly before arrival, 
the crew transfer to the entry vehicle 
(initial weight of about 30,000 Ib), 
which enters the atmosphere, decele- 
rates, and lands, completing the mission. 


Effects of Atmospheric Braking 


The vehicle configuration and mode 
of operation just described have been 
used as the basis for most of the com- 
parisons that follow. Selection of this 
mode of operation can be explained with 
the aid of Fig. 17 which shows the rela- 
tive initial weights in orbit about the 
Earth for three different degrees of 
utilization of atmospheric braking. This 
comparison is made for a 420-day round 
trip. The weight for the case of pro- 
pulsive braking for all decelerations has 
been used as the normalizing factor. 
For this mode of operation it has been 
assumed that the propulsive decelera- 
tion at Earth is used just to establish 
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an orbit and that the rest of the descent 
is accomplished by an entry vehicle. 

The use of full atmospheric braking 
at Earth reduces the initial weight re- 
quired to 63.5 percent of that required 
for the all-propulsive case, a very 
attractive reduction. For atmospheric 
braking at both Earth and Mars the 
initial weight required is 57 percent of 
the all-propulsive case. This is a re- 
duction of about 10 percent from the 
weight required for a system employing 
atmospheric braking at Earth alone, 
a relatively modest improvement. 

The principal reason for the lack of a 
more striking improvement in the last 
case is the low fuselage density which 
results for a Mars entry vehicle that 
must contain the propellant for the 
return trip. As noted earlier, this 
causes a large structural weight. The 
structural design of atmospheric entry 
vehicles containing hydrogen involves 
many uncertainties. Because the pres- 
ent approach to the problem has resulted 
in only a small improvement in initial 
weight, the use of atmospheric braking 
at Earth alone has been adopted as the 
standard procedure for the rest of the 
study. 


Effect of Shield Weight 


The shielding required for the protec- 
tion of the crew against the various 
forms of radiation has a great effect on 
the vehicle gross weight. The magni- 
tude of this effect is illustrated in Fig. 
18, where the ratio of the initial weight 
required for various amounts of shielding 
to that for no shielding (other than that 
afforded by structure and equipment) 
is presented for a 420-day trip. 


The various shield weights can be 
interpreted as different allowable doses 
and/or different degrees of optimism 
concerning the ability to avoid giant 
major flares. If it is possible to avoid 
giant major flares and a total dose of 
100 rem is permissible, the required 
shield weight is 47,000 lb. The initial 
weight in orbit for this case is 40 percent 
greater than that for no shielding. If 
the total dose permitted is kept at 100 
rem but the one giant major flare antici- 
pated for trips of this duration cannot 
be avoided, the shield weight jumps to 
164,000 Ib. The corresponding initial 
weight is 2.4 times the unshielded 
value. Finally, if the allowable dose 
is reduced to the more “conservative” 
value of 50 rem (again with provision 
for one major flare), the shield weight 
becomes 280,000 Ib which corresponds 
to an intial weight ratio of 3.4. 

These data serve to underscore pre- 
vious remarks as to the severity of the 
effects of shielding and the importance 
of determining more precisely the nature 
and virulence of the radiation in space 


Effects of Mission Time 


The individual effects of some of the 
more important factors affecting the 
system requirements were examined for 
a specific mission duration in the fore- 
going sections. The combined effects 
of these factors are discussed as a func- 
tion of the mission time in the follow- 
ing sections. 

Fig. 19 shows the effects of mission 
time and mode of operation for vehicles 
with unshielded crew compartments 
Weights indicated may, therefore, be 
considered to represent the minimum 
requirements for these missions within 
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Fig. 17. Effect of atmospheric braking on initial 
weight; 420-day trip, 100-rem dose. 
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Fig. 20. Effect of radiation assumptions. 


the context of the assumptions of this 
analysis. ‘The uppermost pair of curves 
represents the case of all-propulsive 
maneuvers. For this mode of opera- 
tion it is seen that the fast trips of the 
left branch require considerably more 
initial weight than the slower trips of 
the right branch. Comparing the min- 
imums of the two branches, a 425-day 
trip has an initial weight of 1.05 million 
lb, whereas a 900-day trip requires only 
0.6 million lb. The fast-trip vehicle is, 
therefore, 75 percent heavier than the 
slower trip. 

When atmospheric braking is used 
at Earth, a marked change in the results 
occurs, as indicated by the lower pair 
of curves. Not only does the general 
level of weights decrease as was noted 
earlier, but the relative position of the 
two classes of missions changes radi- 
cally. For this mode of operation there 
is very little difference in the weights 
for the long and the short trips. The 
best slow trip, a 925-day mission, re- 
quires 475,000 Ib, while the correspond- 
ing fast trip, about 460 days, requires 
525,000 Ib. This is an increase of only 
about 10 percent for reducing the mis- 
sion time by a factor of 2. 

When the effects of atmospheric 
braking at Earth and shielding for 
different dose levels are combined with 
those of mission time, the Fig. 20 curves 
result. The lowest set of curves is a 
repetition of those for no shielding from 
the preceding figure and serves as a 
datum. 

The second lowest set assumes a per- 
missible dose of 100 rem and the ability 
to avoid giant major flares. In addition 


to the increased weights for both 
branches, the effect of this degree of 
shielding is to shift the minimum-weight 
mission from the long-trip branch to that 
of the fast trips. 

The third set, when compared with 
the set just described, shows the effects 
of providing shielding for giant major 
flares at the same dose level. For 
the left branch, protection is provided 
for one flare; for the right branch, two 
flares are to be expected. 

The uppermost set of curves is for 
the most conservative dose assumptions 
considered in this study (although this 
may be by no means ‘‘conservative’’), 
50 rem, including the effects of giant 
major flares. For this case the ad- 
vantage of the fast trips has increased 
markedly; the difference in the best 
weights of both classes is now about 
1 million Ib. 

Some general observations can be 
made on the results presented in this 
figure: Regardless of trip time, the 
weight required in orbit for even moder- 
ate amounts of shielding is very great, 
about 1.3 million lb for the 100-rem 
dose. For the 50-rem dose, the mini- 
mum weight is about 1.9 million Ib. 
The effect of shielding as the allowable 
dose is decreased is more pronounced 
for the slow trips than for the fast trips 
as is evident by comparing the upper 
two sets of curves. Finally, if we 
attempt to go to very short trip times, 
the initial weight increases very rapidly. 
Typically, going from a trip time of 420 
days to one of 350 days increases the 
initial weight by 55 percent. 


Concluding Remarks 


An effort has been made in this paper 
to evaluate the effects of a number of 
important parameters on the requisite 
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initial weight in orbit for nuclear-rocket 
manned Martian trips. Realistic tra- 
jectory velocity increments and timing 
data were incarporated in the study. 

Atmospheric braking from hyper- 
bolic speeds seems feasible. The use of 
this technique for the deceleration at 
Earth reduces substantially the propul- 
sion and initial weight requirements. 
Although some further weight reduc- 
tion seems possible, atmospheric braking 
was not used to establish an orbit at 
Mars because of the uncertainties in- 
volved in the design of entry vehicles 
containing large quantities of hydrogen. 

The shielding necessary to protect 
the crew from the radiation environment 
of space has a major effect on the re- 
sults. Unfortunately, completely satis- 
factory information concerning these 
radiation hazards is not available. 
Based on the available information, very 
large shield weights result even for 
what may be considered to be large radi- 
ation doses for the crew. 

When all the elements of the analysis 
are combined, it is found that short 
trips are as, or more, economical, in 
terms of initial weight, than long-dura- 
tion missions. Based on the assump- 
tions of the present analysis, a vehicle 
for a 420-day mission (with 40 days at 
Mars) would have an initial weight of 
about 1.35 million lb for a design crew 
radiation dose of 100 rem. The op- 
timum initial thrust-weight ratio for 
this system is about 0.2, which corre- 
sponds to a reactor power of 6,000 mw. 
These values are for an Earth Landing 
Vehicle weighing 30,000 Ib. The initial 
system weight is not very sensitive to 
variations in the weight of the Earth 
Landing Vehicle. For example, if the 
weight of the landing vehicle were re- 
duced to 15,000 lb, the initial weight 
would be reduced by only 5 percent. 


Seven-man cabin. 
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Fig. 22. Effect of thrust-weight ratio; 420-day 
trip, 100-rem dose. 


In summary, the weight penalties 
caused by the need for radiation shield- 
ing are mitigated by the combination 
of efficient engines, atmospheric brak- 
ing, and fast trips. While the resulting 
systems are of great size and a manned 
Mars mission will be a’ tremendous under- 
taking, it cannot be called technically 
unfeasible. Furthermore, advances in 
many areas (beyond the state assumed 
in this study) may be expected to reduce 
the magnitude of the task 


Appendix 


Vehicle Design Assumptions 


Many assumptions are required in 
an analysis covering as many fields as 
this study. The assumptions not pre- 
viously described in the body of this 
paper are given in the following para- 
graphs. These assumptions are based, 
where possible, on a consensus of more 
detailed studies of the particular topic 
that have appeared in the literature. 


Living Quarters or Cabin—The Mars 
mission vehicle cabin (Fig. 21) is a 
circular cylinder 29 ft in diameter and 
15 ft high. In the center of the cabin 
is the shielded vault. The upper level 
contains the living and working space. 
The lower level is used for storage of the 
expendable supplies. The crew is as- 
sumed to sleep in the vault and to op- 
erate on 8-hour shifts. About 50 
sq ft of floor space have been provided 
per man on the upper level. The space 
provided falls between that provided 
for chief petty officers and commissioned 
officers on submarines.'*? The structure 
and equipment weight, for this cabin, 
exclusive of the weight of the shielded 
vault, was estimated to be about 30,000 
Ib. 


Ecological Considerations—The ecolog- 
ical system assumed comprises an open 
oxygen system and a closed water 
cycle. Oxygen consumption was taken 
at 3 lb/man-day and is supplied by a 
liquid-oxygen converter.4* An _ initial 
supply of 20 gallons of water per man 
was assumed; and, since there is a net 
water production when the recondition- 
ing of the atmosphere is taken into 
account, this supply’ should be 
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sufficient. Food consumption was 
taken at 3 lb/man-day. All told, the 
supplies are expended at the rate of 
about 12 lb/man-day. The difference 
between this figure and the sum of the 
oxygen and food rates comprises CO, 
absorber, odor absorber, and contin- 
gency allowances. 


Propulsion Systems—The performance 
assumed herein for the nuclear-rocket 
engines represents a fairly advanced 
solid-core design. The gas temperature 
for such a reactor would be about 
4,500°F, producing a vacuum specific 
impulse of 900 seconds at a nozzle area 
ratio of 50:1. The weight of the com- 
plete engine has been taken as 0.03 
times the thrust. Doubling the engine 
weight produces only an 8-percent 
increase in initial vehicle weight for a 
typical case. 

Additional weight is allowed for 
shadow shielding of the engine for both 
thermal and biological protection. Ina 
typical case, this amounts to less than 
1 percent of the vehicle gross weight. 

Chemical rocket propulsion is used 
for the Mars Landing Vehicle. A 
storable-propellant combination, N2O¢- 
N?2H,, is assumed, with a specific impulse 
of 300 sec. 


Propulsion System Structure—The pro- 
pellant tanks are assumed to be of the 
pressure-stabilized type. The tanks 
were assumed to weigh 0.08 times the 
weight of propellant contained. The 


thrust-sensitive structure was taken 
as 0.01 times the engine thrust 
Propellant Thermal Protection—To min- 


imize the propellant lost due to heating 
by the thermal radiation from the Sun 
and the planets, the multiple-reflective- 
foil protection technique’ was used. 
Calculations of optimum thermal pro- 
tection system designs resulted in a 
11/e-percent increase in initial weight 
for a typical short trip and a 3-percent 
increase for a typical long trip 


Optimization of Thrust- Weight Ratio 


The data in the body of the report 
are for an initial thrust-weight ratio 
of 0.5. Fig. 22 shows the variations of 
initial weight, energy expended, and 
reactor power w#th the thrust-to-weight 
ratio at the beginning of the trip for a 
420-day mission. The minimum-weight 
vehicle is achieved at a thrust-weight 
ratio of about 0.25 for the assumptions 
of this study. The corresponding power 
level is 8,000 mw. For a very slight 
penalty in initial weight, about 10,000 
Ib, the power level required can be re- 
duced to 6,000 mw by using a thrust- 
weight ratio of 0.2. 
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Ground Effect Machines 


(Continued from page 17) 
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Fig. 2. 


Schematic layout of nuclear-powered GEM for mobile power-plant application. 


Illustration 


shows B = bed, D = desk, L = locker, C (left) = chair, S = shower, T = turbine, C (right) = 


compressor, and G = generator. 


would be discharged through the annular 
jets. For low forward speeds, thrust is 
obtained by deflecting the jet at the sides 
of the vehicle with a series of variable 
angle vanes. At high speeds, a mixed 
propulsion system would be used with 
part of the thrust provided by deflecting 
the annular jet and the remainder from 
the separate thrust provided by the 
heat sink airflow. 


Vehicle Performance 


The nuclear power plant conceived 
provides a total of 30,000 shaft hp. 
The performance during hovering and 
forward flight when utilizing this power 
was calculated using previously out- 
lined methods.*** The following di- 
mensions and efficiencies were used in 
these calculations: 


Base pressure, pp = 50 psf 
Base area, Sp = 12,000 sq ft 
Jet length, C = 420 ft 
Jet width, G = 1.5 ft 
Jet angle, 6 = —75° 
Augmentation efficiency, 

nA = 0.80 
Internal efficiency, 4 = 0.80 
Fan efficiency, ny = 0.90 
Fan pressure ratio, FPR 1.05 
Jet momentum efficiency 

factor, ny = 1.0 
Jet velocity efficiency 

factor, No = 1.0 
Propulsion efficiency 7p 0.80 


For forward speeds, the effects of ram 
pressure rise were included. The thrust 
required was taken as the sum of mo- 
mentum drag of the annular jet airflow 
plus the vehicle aerodynamic drag. 
A drag coefficient of 0.05 was used with 
the total planform area to calculate the 
aerodynamic drag. The use of aero- 
dynamic lift was not considered. 

With these assumed efficiencies, the 
power available would provide a max- 
imum hovering height of about 5 !/, ft. 
At a forward speed of 60 knots, the 
maximum height would be about 5 ft 
while at a speed of 100 knots the max- 
imum height would be about 3 ft. 

The airflow and power requirements 
for the maximum hovering height 
are summarized in Table 1. The 


Table 1. Hovering Airflow 
Requirements 


30,000 
11,000 Ibs/sec 


Hovering shaft hp 
Annular jet airflow 
Number of turbines for duct 
flow 4 
Hp per turbine 6,680 
Number of blowers 


4 
Airflow per blower 2,450 Ibs/sec 


Static pressure ratio 1.05 
Number of turbines for heat 
sink and propulsion 2 
Net hp per turbine 1,640 
Number of blowers 2 
Airflow per blower 600 Ibs/see 
Net static pressure ratio 1.05 
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30,000 shaft hp provides the total an- 
nular jet airflow of 11,000 Ibs/sec. 
Most of this airflow is supplied by the 
four main blowers, each of which uses 
6,680 hp while pumping an airflow of 
2,450 Ibs/sec at a pressure ratio of 1.05. 
An airflow of 600 Ibs/sec passes through 
each of the two heat sinks to provide 
the required cycle cooling. The total 
hp per turbine and blower pressure ratio 
are greater than the values shown by 
the amounts required to overcome the 
heat sink pressure drop. However, the 
pumping required to provide this cooling 
is considered as part of the overall pro- 
pulsion cycle and, as such, is included in 
the cycle thermal efficiency. 

A study of stability and maneuvering 
of this vehicle has not been made. How- 
ever, it is felt that directional control 
could be obtained by differential de- 
flection of the vanes in the annular jet 
at the sides of the vehicle. Braking 
forces could be provided by reverse 
deflection of these vanes. If additional 
control forces are necessary, they could 
be provided by bypassing air from the 
plenum in the required direction. 


Structural Weight 


The GEM has three operating con- 
ditions: (1) at rest on a water or ground 
surface, (2) hovering flight, and (3) 
cruising flight. The first condition is 
employed in deriving the basic structural 
requirements for the vehicle inasmuch 
as the principal loads mav be trans- 
mitted to the planform through point 
contact with uneven terrain or through 
local buoyant forces arising from a rough 
sea state or high winds. The forces will 
be applied in the form of acceleration 
loads imposed as a result of the distribu- 
tion of machinery and equipment in the 
planform of the vehicle. The planform 
of the ground effect machine, shown in 
Figs. 1 and 2, affords considerable flex- 
ibility for distributing the masses of 
cargo, power plant, and structure. 

The required weight loading for the 
structure has a major influence on the 
payload and must be estimated. To 
check the feasibility of attaining reason- 
able fractions of structural weight to 
total weight, a structure consisting of 
light metal beams was investigated. 


This configuration consists of two 
parallel platforms constructed from 
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Fig. 3. Schematic elevation of conceptual 
nuclear propulsion system for GEM. 
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i | where K is a design factor. The pitch -: 
‘ of beams is arbitrarily taken to be one 
sor tenth of the vehicle length. This rela 
tion is plotted in Fig. 4 for two alu ” 
40 
: A S minum alloys, namely, 25-H18(H) and 
BS 17S-T4(T), vs. the equivalent diameter 
of the planform. The points labeled} 
FE CV represent the results of a more de. 
10,000 FT om 
tailed structural evaluation‘ of specific 
z . . . 
= Fig. 4. Vehicle structural vehicles. For the vehicle described 
= weight as a function of here, assuming 17S-T4(T), the struc MELIUM 
5 vehicle size and structural tural weight is estimated to be 52 tons 
material. 
= 
Power Plant 
= MELO STRESS General Description system. 
The proposed power plant employs a 
ye 7 gas-cooled reactor with a closed-cycle 
Fa P gas turbine and is, essentially, a simpli siderec 
8 fied and lighter version of another sys classifi 
= tem.' As shown in the system diagram } cycle : 
(Fig. 5), the principal components in- metal 
clude the reactor, compressor tur active 
bine, power turbine, regenerator, heat additi 
sink and compressor. The intercooler react 
Table 2. Compact Helium-Cooled a square lattice of beams joined by ver- is eliminated for reasons of weight and prop 
Reactor Characteristics tical columns reinforced at the junctures simplicitv. The heat sink transfers heat must 
ate ee by diagonal struts. The dead load of to air in order to avoid underwater ap tion | 
Thermal power 75 mw the structure is to be determined for pendages and to allow operation over reject 
penetra Sunnenants — specified values of total load. The land as well as water. Typical air- — the 
Core size (active) 30 in. diam. by 25.5 in ° parin 
length maximum stresses occur in the structure craft engine material such as high pe 
Reflector dimensions 10 in. thick side and when the vehicle is simply supported strength nickel base alloys are assumed cycle 
; end reflector at the periphery and the duct airflow is where weight-savings may be realized that 
fuel inven- 150 kg zero. The maximum stresses occur Helium is employed as the working 
Fuel composition 7.3 vol. percent, 93 per at the center, and the Corre sponding medium to its advantages 
cent enriched UOz unit stress in the horizontal beams may heat-transfer medium, its chemical in- live 
92.7 vol. percent BeO be calculated from: ertness, and its complete lack of activa- press 
Fuel element geometry 0.230 in. diam tion. othe 
Fuel element cladding 0.010 in. wall by 0.250 2q ‘ +4: . vete 
Omar ~ 1*q/8A Cycle conditions are summarized syste 
OD Hastelloy X - 
T< »9 awe orm: irom 
tubing where / is the span for a circular plan- in Table 2. (At this stage these thermal m 
subas- 30 in. we iti > have imized j poin 
Fuel subas- _0.030in form, is the unit weight loading of the conditions have not been optimized in | 
sembly can 3. in. across o17e 7 > 
in. vehicle, A is the cross sectional area of regard and ol = 
Number of pins/subas 170 each beam, and Omar 1S the allowable major leat transier equipmen ) x 
sembly unit stress. The dead weight loading maximum helium temperature | and 
ating d > 5 9 are CLOSE 
Control method Rot -_ ~_— song) is g¢ yverned by the pitch of the beams as pressure, 1,500°F and 2,000 psi, are 
ia a follows: approximately the highest which could the 
aieehins be used while still retaining the nickel met 
Control drum composi BeO and rare earth p/P = qs/A base alloys developed for the aircraft (I 
oxide industry. Temperature and_ pressure ant 
differentials are allowed to reach levels syst 
Coolant flow path Single pass material, P is the pitch of the beams, and 
which begin to cause significé reduc - 
Average heat flux in 197,000 Btu/hr ft? is the structural weight per unit area. ‘ 
core tions in cvcle efficiency, in order to sys 
Maximum heat flux in 310,000 Btu/hr ft? : 5 : obtain a light system. A pressure ratio tha 
pressions, the fraction of the total weight 
of 1.8, somewhat lower than the op 
Estimated maximum which is structure is found to be: : is used ‘ he desig F the 
fuel element sur timum, is used to ease the design of the 
face temperature 1,720°F 9s/q K (1/P)? (p/c) turbomachinery. A cycle efficiency of 
Estimated maximum 25 percent is considered to be an ac 
onnter ceptable compromise to achieve light 
temperature 1,900°F fd it 
Coolant flow rate 530,000 Ibs/hr A - A ness and ease 0 design as compared 
Hydraulic diameter 0.0111 ft bp - HOD any about 35 percent which could be reached 
Core pressure drop 21 psi —>—— : peer for 1,500°F maximum temperature 1 
Press resse’ 0 i 
Pressure vessel ID 60 in yt 8 t low fuel cost alone were the criterion 
Pressure vessel height 84 in I hi 
Estimated weight of \ , z | t may be instructive at this poin 
reactor complex 20 tons \ \4 1 compare the gas-cooled reactor and 
Estimated thermal € aa closed-cycle turbine to other possible 
Ts: = 1,131°F o— weight per hp requirements are not un 
Ts = 464°F I like those of nuclear aircraft though !ess 
Ts; = 200°F stringent, and are such that water re 
Tr = 1,111°F Fig. 5. A conceptual helium-cooled reactor sys- actors, with the possible exception of 
tem for surface effect vehicles. supercritical water, cannot be con 
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Fig. 6. Schematic of reactor complex for 
75-mw  closed-cycle helium-cooled reactor 
system. 
sidered. It has been published in un- 


classified literature that the direct open- 
cycle gas-cooled system and the liquid- 
metal cooled indirect cycle are being 
actively developed for aircraft. In 
addition, it is known that helium-cooled 
reactors have been considered for turbo- 
prop power plants. The open cycle 
must be rejected for the present applica- 
tion because of the potential problem of 
rejecting the radioactive effluent into 
the surrounding atmosphere. Com- 
paring the liquid-metal and closed- 
cycle gas-cooled systems, it is possible 
that the liquid-metal system trans- 
ferring heat to an air radiator and em- 
ploying a gas turbine may be competi- 
tive because of the small volume and low 
pressure of its coolant system. On the 
other hand, the closed-cycle gas-cooled 
system has many practical advantages 
from an operational and hazards stand- 
point which should be of overriding 
importance in the GEM where minor 
differences in total weight are not of such 
great importance as in aircraft. The 
closed-cycle gas-cooled system can claim 
the following advantages over liquid 
metal : 

(1) No direct hazard is posed by cool- 
ant leakage which, in the liquid-metal 
system, invariably results in a fire. 

(2) The coolant is not activated and 
system components are more accessible 
than in the liquid-metal system where 


JN!T SHIELD 


Fig. 7. Alternate shield arrangements. 


SHAPED UNIT SHIELD 


they are inaccessible during operation 
and for more than a day thereafter. 

(3) No mass transfer or corrosion phe- 
nomena occur in the helium system and 
long life of system components would be 
expected. In liquid-metal systems the 
operating temperature must be so high 
that mass transfer and corrosion limit 
the life of components. 

(4) The heat sink operates at low 
temperature and oxidation is not a prob- 
lem, whereas the liquid-metal radiator 
must operate at extreme temperatures 
where its life is limited by oxidation, 
thermal strain cycling, and liquid-metal 
corrosion all at the same time. 


Reactor 


The reactor assembly (Fig. 6) shows 
the major components of the assembly 
including reactor core, grid plate, re- 
flector, which contains rotatable poison 
drums for reactor control pressure vessel, 
and thermal shield. 

The size of the reactor core has a great 
effect on the weight of the surrounding 
shield. To minimize this weight, the 
reactor core is small, having a diameter 
and height of 30 in. To provide ample 
heat-transfer surface, the core is com- 
posed of assemblies of small diameter 
rods. Each 0.230-in. diameter rod 
consists of a 10-mil tube of Hastelloy 
which contains a ceramic fuel body of 
beryllium oxide impregnated with en- 
riched uranium dioxide. Spacers are 
attached to the outside of each rod and 
170 such rods are packed together in a 
hexagonal can to form an assembly. 
End fittings contain beryllium oxide 
as an end reflector material. Making 
up the reactor core are 55 fuel assemblies 
supported by the grid plates. 

The radial reflector, also made of 
beryllium oxide, is 8 in. thick, and con- 
tains rotatable poison drums for con- 
trol of the reactor. The pressure vessel 
is 5 ft in diameter and is made of Has- 
telloy X 3 in. thick. The vessel is pro- 


tected by the l-in. thick steel thermal 
shieid. 

The reactor is of the intermediate 
neutron spectrum type and in size, com- 
position and control, it is in the range 


136 TONS 
% 


\ 149 TONS 


HORIZONTAL DIVIDED SHIELD 
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investigated in the course of a previous 
reactor development program.” The 
uranium loading of 150 kg of U** 
provides for operating times normally 
exceeding 1 yr before refueling is needed. 
The fuel rods are similar in composition, 
construction, and environment to those 
currently under development.! Max- 
imum temperature limits are also quite 
similar so that the GEM reactor core 
represents only a reasonable extension 
of current technology. 


Shield 


The feasibility of the nuclear-powered 
GEM depends very heavily on the 
weight of the reactor shield. A light- 
weight shield system results from the use 
of asmall reactor core, a nonradioactive 
reactor coolant, a separation distance 
between the reactor and normal crew 
quarters, shadow shielding in the direc- 
tion of the crew quarters, and a lam- 
inated arrangement of lead, borated 
water, and polyethylene. 

Several alternate shield arrangements 
(Fig. 7) were considered before arriving 
at the final arrangement shown sche- 
matically in Fig. 8. Two of these were 
unit shields in which no shielding was 
placed around the crew and two were 
divided shields in which part of the 
shielding was placed around the crew. 
In the first arrangement, a symmetric 
unit shield was examined for which the 
dose rate was the same in all directions. 
At a distance of 50 ft from the center of 
the reactor the dose rate was established 
at 1.8 mrem per hr so that no crew mem 
ber could receive a dose exceeding 0.3 
rem in a full 168-hr week. The area 
within a 50-ft radius of the reactor was 
taken as an exclusion area to be used 
for machinery space and air ducting. 
This area may be considered fully 
accessible after reactor shutdown and 
accessible for limited periods of time 
during the full reactor power operation. 

The second arrangement was a shaped 
unit shield which consisted of a modifica- 
tion of the first. In this case, the shield 
thicknesses toward the sides and rear 
were decreased. In this arrangement 
the crew location is confined to the 
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(Note that crosshatching denotes exclusion area.) 
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forward part of the vehicle during full- 
power operation. The vehicle con- 
tinues to be accessible toward the rear 
and sides after reactor shutdown and 
for very short periods of time during 
reactor operation. The weight-saving 
resulting from this arrangment as com- 
pared to the unit shield is approximately 
26 tons giving a shield weight of 136 
tons. 

Two divided shield arrangements were 
examined. In each of these, the crew 
was assumed to be confined to quarters 
within a compartment 15 ft in diameter 
and 25ftlong. In the first of these two 
arrangements, the crew compartment 
was located at the forward end of the 
vehicle. In this case, the weight was 
found to be approximately 13 tons less 
than for the unit shield. In the second 
case, the crew compartment was located 
directly on top of the reactor and 
mounted vertically so that it contained 
three levels. In the latter case, the 
total shield weight was increased some- 
what by 15 tons over that of the unit 
shield but provided the advantage of a 
centralized location for the crew which 
might be a more comfortable situation 
when under way in heavy seas. It 
could have the further advantage of pro- 
viding better visibility for the pilot 
when operating at high speed. 

The shaped unit shield (Fig. 8) was 
selected for further consideration in this 
system. The radiation shield is ap- 
proximately spherical and has a di- 
ameter of 14 ft. Shadow shielding 
is employed to save weight and, thus, 
the shield is 2 ft thicker in the forward 
direction than toward the rear. The 
inner layer of the neutron shield con- 
sists of water containing one percent 
boron to suppress gamma-ray produc- 
tion which would otherwise be caused 
by the capture of thermal neutrons in 
the shield materials. The outer layer 
of the neutron shield consists of a bed 
of polyethylene beads with borated 
water circulating through the inter- 
stices. Inner and outer steel cans con- 
tain the fluid. The gamma-ray shield- 
ing is divided into several layers of lead, 
the first of which is found at the inter- 
face between the two neutron shield 
layers. Successive layers of lead are 
spaced to provide a balance between 
secondary gamma-ray production and 
an increase in weight due to the larger 
shield area corresponding to the larger 
distance from the reactor. 

Cooling of the shield is effected by 
circulating the borated shielding water 
through a small air-cooled radiator 


Regenerator 


The cycle efficiency can be improved 
considerably by the use of regeneration. 
System weight is not much affected by 
the amount of regeneration since the 
heat not transferred in the regenerator 
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would be transferred in the heat sink 
in any case. 

The regenerator is shown schematic- 
ally in Fig. 9 where the novel feature is 
the suggested use of bayonet tubes on 
the high-pressure side. The purpose 
of the bayonet construction is to allow 
free thermal expansion of the tubes. 
It also has the advantage that only one 
of the tube sheets must contain the 
system pressure. The general charac- 
teristics of the regenerator are sum- 
marized in Table 3 


Heat Sink 


In order to avoid any underwater 
appendages and to allow land as well 
as water travel, the heat is rejected to 
ambient air. The use of low-tempera- 
ture air in combination with the neces- 
sary heat rejection temperature for a 
reasonable heat transfer rate on the air 
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Fig. 8. Horizontal section through shield for 
nuclear-powered GEM. 
Table 3. Heat Sink 75-Mw Reactor 


Number of units required 2 

Maximum heat-transfer rat 
ing per unit 

Estimated surface area per 


87,000,000 Btu/hr 


unit 8,650 ft 
Diameter of tubes 0.5 in. OD 
Number of tubes per unit 3,310 
Mean length of tubes 20 ft 
Total length of unit includ 

ing high-speed blower 35 ft 
Estimated weight per unit 16,000 Ibs 


Regenerator 75-Mw Reactor 


Number of units required 2 

Maximum heat-transfer rat 
ing per unit 

Estimated surface area per 


170,000,000 Btu/hr 


unit 6,300 ft 
Diameter of tubes 0.5 in. OD 
Number of tubes per unit 3,900 
Mean length of tubes 18 ft 
Inside diameter of pressure 

vessel 60 in 
Length of pressure vessel 23 ft 


Estimated weight per unit 20,000 Ibs 


Auxiliary Machinery Weights 


Gas turbine circulator 1,000 Ibs 
1,000-kva turbogenerator 7,500 Ibs 
High-pressure gas pump 


500 Ibs 


side could result in excessive thermal 
gradients and large cyclic thermal 
stresses if conventional exchanger types 
were used. The heat sink configuration 
illustrated in Fig. 10 again minimizes 
these effects through the use of a hay- 
onet tube construction. In addition, 
the pressure containing parts are main 
tained at the lower temperature of the 
rejection cycle. The use of extended 
surfaces was not considered in this 
preliminary study but might result in 
weight-savings. The general character- 
istics of the heat sink are given in 
Table 3. 

As shown in Fig. 10, a high-speed 
ducted fan is employed to supply atmos- 
pheric air for a single pass over the 
outside of the bayonet tubes of the 
heat sink. Louvres are provided for 
regulating the flow to the required 
amount. Inasmuch as the main flow 
of air is employed for obtaining pro- 
pulsive thrust, the cooling stream is 
employed as a convenient control 
means. The propulsion control is 
effected by varying the fan speed and/or 
by diverting the rejected air into the 
annular duct flow. 


Power Control System 


Although control of power level by 
varying coolant inventory results in 
the best efficiencies at part load, con 
sideration of the weight and complexity 
of the required storage accumulators led 
to a tentative decision to operate the 
system with a constant mass of coolant. 
The operating power level is then ad- 
justed by the control of flow rate coupled 
with control drum adjustment in the 
reactor. It is proposed to accomplish 
this through a bypass throttling valve 
which is connected between the dis- 
charge of the compressor and the outlet 
of the regenerator. This bypass loca 
tion causes the least perturbation of 
system temperatures as power is changed 
and minimizes the thermal cycling of 
majorcomponents. In this manner, the 
turbine output will be reduced to effect 
a reduction in power level. The com 
patibility of flow rate and heat removal 
in the reactor core is achieved through 
control-rod regulation. In order to 
protect against overspeeding of the 
turbine, these units also are provided 
with trip valves that automatically 
reduce turbine flow under preset con 
ditions 


Auxiliary Power 


In the operation of the reactor system 
there are conditions where independent 
power sources are required, such as 
during start-up, after shutdown and 
during emergency procedures. The 
complete requirements of auxiliary 
electrical power for reactor control, 
communication equipment, etc., are 
contingent upon a specific mission {or 
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the craft considered. The generation 
of electric power during periods when 
the plant is subcritical will be accom- 
plished by gas turbines driving gen- 
erators. An estimate of the weight 
requirements for the auxiliary system 
is included in Table 3. 

In regard to the main coolant piping, 
estimated weights are based on em- 
ploying the minimum diameter pipe 
which is compatible with the power 
losses available at about 25 to 30 percent 
werall plant efficiency. A more refined 
study would optimize the piping weight 
with the vehicle performance as the 
criterion of merit. 


Helium Storage 


A 3,500 psia helium storage is pro- 
vided for in the system described. The 
gas is maintained at ambient tempera- 
ture and is employed to compensate 
for leakages from the shaft seals, etc. 
The design volumes of this unit will be 
contingent upon experience.! In addi- 
tion, such capacity will be provided as 
is required for emergency pressurization 
over short periods during the opera- 
tion of the system during minor leaks 
resulting from mechanical failures. 
[his source of pressurized helium could 
also be employed for the high-pressure 
side of a valve operating system. 


Auxiliary Circulating System 


A bypass circulating system for 
emergency and shutdown cooling is 
provided using a compressor installed 
at the reactor inlet as shown in Fig. 5. 
This compressor is driven by a chem- 
ically fired gas turbine separate from 
the helium system. The compressor 
flow is prevented from recirculating 
when the unit is in operation by means 
of two check valves which are installed 
in the main loop at the outlet of the 
regenerators. It is contemplated to 
employ this source of flow for removing 
decay heat from the reactor core follow- 
ing plant shutdown. In the event of a 
major leak at any point in the loop, 
then, following reactor shutdown this 
compressor will be used to circulate 
atmospheric air at a rate sufficient to 
remove the resulting decay heat from 
the reactor core without allowing the 
system to overheat. 


Start Up 


A possible start-up method is out- 
lined as follows: The system pressure 
at cold conditions* adjusted to a value 
consistent with the mass of coolant 


* Presumably, the corresponding tem- 
perature for the cold condition will be 
above the nil-ductility temperature of the 
structural members at this pressure; also, 
the pressure will be well below maximum 
operating pressure. 


required at operating conditions. At 
this point, the reactivity of the core is 
increased incrementally by control drum 
adjustment, and coolant flow is estab- 
lished either through the bypass circu- 
lating system or by electrically motoring 
the turbocompressor units. The re- 
actor power is increased until the turbo- 
machinery is self-sustaining on reactor 
power alone. The heat sink capacity 
during start-up may be augmented by 
electrically motoring the air compressors 
on the heat sink. The source of electric 
power during start-up will be provided 
by the gas turbine driven generators. 


Turbomachinery 


The turbomachinery for this system, 
while being considered one of the de- 


Fig. 9. Schematic of regenerator for 75-mw 
helium-cooled reactor system. 


Fig. 10. Schematic of heat sink for 75-mw 
helium-cooled reactor system. 


Table 4. GEM Characteristics for 75- 
Mw Helium-Cooled Reactor 


Displacement 306 tons* 
Cargo 15 tons 
Power plant 239 tons 
Hovering height ft 

At 60 knots 5 ft 

At 100 knots 3 ft 
Structural weight 52 tons 
Shaft hp 30,000 hp 
Lbs/shp (power plant) 16.0 
Equivalent diameter 125 ft 

Base area 12,000 ft? 

Duct length 420 ft 

Annular jet width 1.5 ft 
Reactor power 75 mw 
Power-plant weight: 239 tons 


Reactor complex 20 tons 
Shielding 136 tons 
Three regenerators 20 tons 
Two heat sinks 16 tons 
Rotating machinery 27 tons 

Gas storage, piping, 

valves, and auxiliary 
machinery 20 tons 
Total 239 tons 


* Short tons. 


July 1961 « 


velopment items, can be estimated on an 
approximate basis using the treatment 
previously expounded.* Employing 
this treatment and the cycle conditions 
for a pressure ratio of 1.8, we find the 
flow rate in a single loop to be 74 Ibs/sec. 
The number of stages in the compressor 
is then found to be 15. With an outlet 
blade height of °/s in. and a pitch ve- 
locity of 1,200 fps, the rotational speed 
is found to be 30,000 rpm and the pitch 
line diameter to be 9 '/2in. The high- 
pressure turbine is based on the same 
pitch line conditions and is found to 
require eight stages with an inlet blade 
height of 1°/,;in. The low-pressure or 
propulsion turbines have to be con- 
sidered in conjunction with the blower 
design. In general, the materials tech- 
nology being developed,! in regard to 
lubricating systems, shaft seals, and 
leakages, will be applicable to this 
system. 

The summary of all weights estimated 
for the propulsion system described is 
given in Table 4. 


Applications 


The areas of practical application 
where these units may be feasible are 
in mobile power stations and in military 
and commercial transportation. In the 
commercial field, a study of the eco- 
nomics of employing a nuclear power 
source in (SEM’s will have to be made 
for specific uses. In the sense that these 
vehicles present a novel mode of com 
mercial transportation, a new tech- 
nology would have to be developed. 
The areas of concern would be in harbor 
facilities (cargo handling), navigation, 
and maintenance. For large carrier 
military applications, the tactical ad- 
vantages would have to be explored. 
In mobile nuclear-power stations for 
military or civilian application, the 
advantages remain to be exploited 
rather than explored. 

The desirability of utilizing nuclear 
power reactors at continental and 
remote military sites is greatly en- 
hanced by the possibility of a truly 
mobile nuclear-power plant. [In this 
application, a vehicle would be designed 
which is capable of transporting an 
integral power source to a point of 
need and further of providing an in- 
stallation capable of the immediate 
delivery of electric power. If the 
vehicle also incorporated means of 
nuclear propulsion, then, at sites where 
the reactor plants would have economic 
advantages over conventional plants, 
a further advantage would be gained 
near the end of core life because the 
entire plant (vehicle) would be replaced 
and removed to a central base where 
refueling could be economically and 
efficiently handled. A recent study by 
the Joint Committee on Atomic Energy 
(Release No. 266, April 14, 1960) has 
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Fig. 11. 


indicated that a number of locations do 
exist where a nuclear power plant affords 
not only economic gain but could result 
in the saving of human life expended 
in hazardous transportation of con- 
ventional fuels by air under adverse 
weather conditions. A nuclear-powered 
vehicle using the ground effect principle 
would be ideally suited for accomplish- 
ing these missions (Fig. 11). The use 
of an electric propulsion drive in this 
application of the GEM lowers the 
plant efficiency by 5 percent and in- 
creases the propulsion machinery weight 
by one to two lb/shp. However, the 
electric generating equipment is to be 
considered as cargo in this case and the 
dual use of such equipment can thus be 
justified. 

Another mission for which the nuclear- 
powered ground effect machine appears 
to be suited is that of anti-submarine 
warfare.’ In this application, the en- 
durance afforded by nuclear power is 
exploited in using the mother ship con- 
cept discussed as the hunter-killer 
platform. Another possibility would 
be the use of the GEM as both a detec- 
tion and kill vehicle, exploiting its speed 
and its ability to go rapidly from hover- 
ing or floating to high speed. The 
structural capability of this craft to 
float in heavy seas for extended periods 
of time would need to be investigated. 
An alternate possibility worth con- 
sideration would be to hold a position 
under extreme sea states in the maxi- 
mum hovering mode. The capacity for 
the craft described in this paper to 
carry a crew, provisions, cargo, search 
gear, and ordnance would be around 
30,000 Ibs. In the application of 
acoustic devices to locate underwater 
craft, the influence of external noise 
sources is of paramount concern, and 
due consideration must be given to the 
compatibility of any such scheme, with 
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Mobile power station application of GEM. 


the noise generated by a nuclear-powered 
GEM in all its modes of operation. 
This discussion has been based upon 
the minimum size nuclear-powered GEM 
which would be operationally useful. 
Larger vehicles show striking gains in 
performance. According to the present 
theory of GEM performance, a payload- 
to-gross-weight ratio of 50 percent can 
be achieved in sizes larger than that 
studied in this paper. For these larger 
vehicles and higher 
nuclear propulsion plant is likely to 
show a weight advantage as compared 
with a conventional propulsion plant 
plus fuel for transoceanic trade routes. 
It is known that for a nuclear plant the 
capital and fuel costs for unit output de- 
crease with output and tend to become 


power levels, a 


+ 


competitive at these high-power levels, 
Thus, the commercial application of 
nuclear propulsion power to the GEM 
would appear to be extremely promising 
in larger sizes 
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Tektites and Natural Satellites (Continued from page 27) 


perigee heights could not be reached by 
the body. 

With orbital elements established as 
recourse was had to the Theore 
Division orbit theory (Harris, 
Jastrow, and Cahill) for re-entry calcu- 
lations 


ibove, 


tical 


This routine amounts to a nu- 
merical integration of the equations of 
motion, including drag, and including 
oblateness effects on (a) motion of node 
and perigee and (b) atmospheric height. 

With these exceptions, the motion of 
the body is treated as Keplerian motion 
ina (moving) plane. The principal neg- 
lected effect is a variation in radius 
vector, which has a period of half a 
revolution and an amplitude for a close 
satellite of approximately 2 km. The 
routine has been thoroughly tested in 
informal predictions of re-entry trajec- 
tories of actual satellites, and found to 
yield results whose accuracy is limited 
chiefly by the sudden changes of drag 
coefficient which are observed just before 
fall 

By a forward integration, it was veri 
fied that the solution obtained from the 
Ames tables retained the same character 
for Harris-Jastrow® integrations, despite 
slight differences of atmosphere and the 
necessity of allowing for the oblateness. 
Some further refinement of the elements 
was made in order to be sure that the 
final pass was of sufficient length in the 
distance from entry into the atmosphere 
to the fall point. 

The orbit was now integrated back- 
ward through the previous (next to the 
last) perigee The velocity 
and position were determined for every 
|5-sec-interval in the next to the last 
perigee passage. The points so deter 
mined were denoted as stations; they 
formed the framework for the next set 
f integrations. 

It was then assumed that, during the 
next to the last perigee passage, tektites 
had been formed by melting and spray 
ing from the main body. For each sta 
tion, forward calculations were made 
for three different drag coefficients 
namely, 0.057, 0.178, and 0.573 em?/gm 
the odd values resulting from the use 
of English units in the machine). These 
correspond, respectively, to masses of 
360, 12, and 0.36 gm in spherical tek 
tites of density 2.5. The impact point 
was calculated by forward integration 
for each assumed drag coefficient, from 
each station. 

It was found that most of the bodies 
released from the main body fell at once 
since they had larger drag coefficients 
than the main body. Only the bodies 
which were released during the last 15 
sec before the escape of the main body 
from the atmosphere went into orbit 


passage. 


withit. These bodies had a large range 
of apogee distances, from just above the 
atmosphere to just below the apogee 
of the main body. 

The apogee distances were found to be 
a function of the total air mass encoun 
tered so that bodies with a large drag 
coefficient which were released late had 
almost the same orbits in space, and the 
same apogee heights as bodies with a 
small drag coefficient which were released 
early. Specifically, the 15-sec-interval 
between stations 7 and 8 was found to 
be equivalent to a factor of about 13.65 
in the drag, so that a body of unit drag 
coefficient released at stage 7 would have 
almost the same space orbit as one with 
a drag coefficient of 13.65 released at 
stage 8. Such a result is fully in line 
with the theoretical work of Chapman" 
on the similitude relationships of the 
differential equations of re-entry. 

As a result of this relation, the space 
orbits of the released bodies formed a 
one-parameter family, or nearly so, 
characterized by the space velocity 
on leaving the atmosphere. This re 
lation was somewhat disturbed by varia 
tions in the drag coefficient on the re 
entry of the particles into the atmos 
phere; but the distribution of the points 
of impact remained narrow, the width 
being only 200 km. Since the australite 
strewn-field is at least 2,000 km in 
width, it was clear that this model is 
insufficient. 

Moreover, it was clear in principle 
that the proposed model should give 
accurate sorting of the particles in 
accordance with their drag coefficients. 
Each value of the drag coefficient cor 
responded to a line of impact points, 
the calculated strewn-field being made 
up of these lines. In actual fact, col- 
lections of australites made at various 
places do differ in average size (and 
hence drag coefficient)®; but it is not 
clear that the difference is not due to the 
habit of some collectors of giving away 
the larger pieces for jewelry. In any 
case, the sorting by size is very im 
perfect, and Chapman!! has laid stress 
on the fact that the forms of australites 
found in a single locality sometimes 
imply variations in the orbit. Since 
the australites are found to have a dis- 
tribution in latitude and longitude, 
and a variation in size at a single point, 
it appears that their distribution must 
be a function of at least three variables. 
The two variables which we had hitherto 
assumed—namely, time of release and 
drag coefficient—could not reproduce 
the observed distribution. It was nec- 
essary to introduce some other variable. 

It appeared plausible that the third 
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variable might be an impulse given to 
the particle at the time of release from 
the main body as a result of buffeting 
by turbulent air in the wake of the 
main body. Jacchia!? records observa- 
tions of similar bodies detached from 
Sputnik II, which were observable for 
only a few seconds. Since they were 
distinct from the main body, the ve- 
locity could hardly have been less than 
several minutes of arc per second of 
time. At 100 km, this corresponds to 
velocities of the order of 100 m/sec. 
It is clear from the account that the 
velocities were not all directed parallel 
to the motion of the main body. 

Accordingly, it was assumed that at 
the time when the australites were de- 
tached from the main body, impulses 
were given which amounted to 0.5, 
1.0, 2.2 percent of the velocity—i.e., 
of 50, 100, 220 m/sec for a velocity of 
10 km/sec. 

It was realized that impulses along 
the direction of motion would merely 
change the energy; they would thus be 
equivalent to changing the time of de- 
tachment and would lead to no new 
results. Also, impulses perpendicular 
to the plane of motion would have only 
minor consequences because they would 
lead to an inclination of the orbit of the 
small body with respect to the main 
body of the order of 3 min; since the 
exit point and the entry point are both 
near the perigee and hence near each 
other and since the orbit of the small 
body would intersect that of the main 
body at the point of detachment, it was 
clear that an impulse of this amount 
perpendicular to the orbit plane would 
have negligible influence. Calculations 
were therefore made only for impulses 
in the plane of the orbit but perpendicu 
lar to the direction of motion. 

Calculations were accordingly made 
for seven different values of the im- 
pulse—namely, 0, +1/2 percent, +1 
percent, +2.2 percent of the velocity 
for each value of the time, and for each 
value of the drag coefficient. The re- 
sulting strewn-field is shown in Fig. 1, 
superposed on a map of Australia. 
Note that the necessary width has been 
obtained; a range of values of the drag 
coefficient is obtained at each point 
Fig. 2 shows the observed distribution 
of the australites. 

It is clear, therefore, that the theory 
which had been invoked here is quanti 
tatively sufficient to explain the dis 
tribution of the australites, while re 
maining in full accord with Chapman’s 
findings about entry velocities and 
angles. This theory further explains 
why the posterior surfaces of the aus 
tralites resemble the surfaces of the 
philippinites.!* The explanation is that 
australites are in fact bodies very sim 
ilar to indomalaysian tektites which have 
made one more revolution in orbit. 
As such, they should, moreover, be 
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came from the moon, as suggested by 8 Varsavsky, C. M chimica et 13 Baker, George, Mem. Nat. Mus. Vict., 
O'Keefe’ and Chapman,'! then the time Cosmochimica Acta, Vol. 14, p. 291, 1958. p. 23, p. 64, 1959. 
in space was short compared to the half ‘La Paz, Lincoln, Pop. Astr., Vol. 46, 14 Ehmann, W. D., and Kohman, T. P., 
lives of Al 26 and Be 10, which have p. 227, 1938. Geochimica et Cosmochimica Acta, Vol. 14, 
been studied by Ehmann and Koh 5 Fenner, Charles, ? R Soc. Sth p. 364, 1958. Pro} 
man'* and by Anders" as possible indi Australia, Vol. 62, p. 208, 1938 46 Anders, E., Geochimica et Cosmochi- —— 
cators of the time in space. The nega ° O'Keefe, John A., Astronomical Jour mica Acta, Vol. 19, p. 53, 1960. sel 
tive results obtained by Anders are nal, Vol. 65, p. 495, 1960 ’ Urey, H. C., Proc. Nat. Acad. Sci., Capab 
thus explained. 7O0’Keefe, John A., NASA (U.S.) TN Vol. 41, p. 27, 1955. ardw 
In conclusion, we find that Urey’s 1-490; also printed as Space Research, 1 Urey, H. C., Nature, Vol. 179, p. 556, =e 
dilemma concerning the origin of tek Proc. of First International Space Sciences 1957. Stn 
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Personnel 


This section is for the use of individual members of the Institute 
seeking new connections and eligible organizations offering em- 
ployment to specualists in the aerospace industry. Any member 
or eligible organization may have requirements listed without 
charge by writing to the Secretary of the Institute. 


Wanted 


Propulsion Systems Preliminary Anal- 
ysis—Specialist in missile propulsion §sys- 
tems with knowledge of motor cases, 
nozzles, cryogenics, and heat exchangers. 
Capable of generating new proposals for 
vardware systems. Degree plus minimum 
{ 6 years’ experience. Hardware Systems 
Preliminary Designer—To perform pre- 
minary design studies on advanced pro- 
posals; also systems analysis on airframe 
and missile structures, pressure vessels, 
thrust generation and control systems, and 
ther sophisticated components. A _ mini- 
mum of 6 years’ related experience with 
mphasis on conceptual analysis of propul- 
sion systems. B.S.M.E., M.S. preferred. 
Missile Propulsion Specialist—Applying ad- 
vanced propulsion concepts, this engineer 
vill prepare systems analyses and trade-off 
studies on new concepts in missile propulsion 
lesign. He will prepare technical proposals 
m rocket engine hardware problems _ in- 
cluding solid propellant nozzle design and 
motor insulation. A minimum of 6 years’ 
related experience required, plus M.S.M.E. 
Write fully to R. J. Theibert, Employment 
Manager, Tapco Group, Thompson Ramo 
Wooldridge, Inc., 23555 Euclid Ave., 
Cleveland 17, Ohio. 

Professors—The Aerospace Engineering 
Department, Virginia Polytechnic Institute, 
Blacksburg, Va., has permanent senior 
staff openings for qualified persons. Appli- 
cant should have doctorate in aeronautical 
engineering, engineering mechanics, or me- 
chanical engineering. Instructional duties 
will be in advanced areas of aircraft and 
missile design and structures, gasdynamics, 
magnetoaerodynamics, and space technology. 
Level of instruction will be in the Master's 
and doctorate programs. Opportunities for 
part-time research are available. Salary and 
rank depend upon qualifications of the in- 
dividual. Other staff openings are available 
n the advanced undergraduate or graduate 
program in aerospace engineering. Address 
nquiries, with résumé and photograph, to 
Head, Aerospace Engineering Department, 
Virginia Polytechnic Institute, Blacksburg, 
Va 

Professors—The Air Force Institute of 
lechnology, Wright-Patterson AFB, Ohio, 
has a vacancy in the Department of Math- 
ematics. Most of the work is at advanced 
undergraduate and graduate levels. One 
quarter out of four free of teaching duties for 
research or other academic pursuits, plus 
vacation. Working conditions comparable 
to those in leading universities. Employ- 
ment will be effected in accordance with 
Civil Service regulations. Rank and salary 
will depend upon qualifications of applicant 
and may be anywhere between assistant 
Professor, GS-11, $7,560, and full professor, 
GS-14, $12,210. Applications should be 
made on Standard Form 57, available at any 
Post Office, or by letter to Head of the 
Department of Mathematics. 


The number preceding the notice 
represents the Box Number of the 
Institute of the Aerospace Sciences to 


which inquiries should be addressed. 


Engineering Flight-Test Inspector—Fed- 
eral Aviation Agency, Idlewild Airport. 
Vacancy exists for engineering test pilot who 
meets Civil Service Announcement 169B 
requirements, GS-11, GS-12, or GS-13, 
$7,560 to $10,635. Basically the require- 
ments are 7 years of experience, at least 3 
years of which must have been gained in 
flight testing experimental-type aircraft as 
flight-test pilot or flight-test engineer in a 
position requiring the solution of technical 
aviation engineering problems at a profes- 
sional level. A minimum of 2,000 flying 
hours as a pilot in command is required; 
at least 100 hours must have been acquired in 
the past year. The applicant must hold at 
least a currently valid commercial pilot 
certificate, with single-engine land, multi- 
engine land, and _ instruments ratings. 
Experience in rotorcraft is highly desirable. 
Send résumé or completed Civil Service 
Form 57 to Chief, Flight Test Section, 
Federal Aviation Agency, Federal Building, 
FS-1160, Jamaica 30, N.Y. 


Available 


124. Project Engineer—Age 38, B.S.- 
Ae.E. Eleven years’ experience in air- 
frames, missiles, escape capsules, and rocket 
engine designs for major aircraft companies. 
Administrative and supervisory experience. 
Desires responsible position in engineering, 
administration, or testing. 

.123. Senior Staff Project Engineer—Age 
39. B.S.Ae.E.;  B.S.M.E.; Professional 
Engineer, M.E. (Michigan). Lt. Comdr., 
USNR (Ret.), 15 years. Fourteen years’ 
experience in the administration of re- 
sponsible project supervision and operational 
engineering in the design, research, and 
development of aircraft and automotive gas- 
turbine and_ rocket propulsion devices, 
with broad background in the research of 
prototype components manufacture. Ex- 
perienced in all fabrication techniques, 
budgets, cost estimating, proposals, client 
and supplier contact, customer liaison, and 
cost reduction on product applications. 
Desires responsible position with progressive 
West Coast company. 

122. Senior Operational Engineer—B.S.- 
Ae.E.; 9 years’ experience in airline operation 
engineering including flight test, aircraft and 
engine performance analysis and evaluation, 
flight planning, cruise control, airport 
runway analysis, and operation economic 
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analysis. Extensive background in jet 
transport operations. Location preference 
East or West Coast area. Résumé upon 
request. 

121. Engineering Manager—Broad back- 
ground in aeronautical research, mechanical 
and structural design, and project super- 
vision. Extensive experience in administra- 
tion, planning, and technical supervision as 
chief of research and chief engineer. Heavy 
responsibility for sophisticated programs of 
research and development. Age 41. Mem- 
ber IAS and ASME. Registered P.E. 
B.S.M.E. Interested in position as de- 
partment head, chief engineer, project 
manager, or staff engineer. 

120. Maintenance Engineer—Age 40, 
B.S. in aviation maintenance engineering, 
Licensed Pilot, and AXE mechanic. Eleven 
years’ experience on aircraft, missiles, weapon 
systems, and drones. Extensive background 
in maintainability requirements, technical 
training, reliability and logistics functions 
at systems level. Desires challenging posi- 
tion involving maintainability or logistics 
requirements. Résumé on request. 

119. Pilot—Airline Transport Rating. 
Currently in single- and multiengine jet 
and reciprocating-powered aircraft. M.S. 
degree in aeronautics from CalTech. Ex- 
perience in engineering test, civil certifica- 
tion, and airline operations. Presently 
Chief Pilot for major defense contractor. 
Interested in challenging position in U.S. 
or Europe. 

118. Publications Supervisor—B.S._ in 
M.E. Experience includes 8 years’ writ- 
ing and 6 years’ supervision of publica- 
tions engineers. Can organize and operate 
a complete publications department to write 
and produce reports, handbooks, parts 
documentation, data sheets, brochures, 
and films. Full details on request. 

117. Aircraft Maintenance Specialist— 
Young man with 17 years’ experience in 
aircraft maintenance, quality control, opera- 
tions, and 5,000 flying hours as flight engi- 
neer on Constellation and Britannia air- 
craft in overseas airline operation. Ex- 
tensive administrative experience and ability. 
Interested in field service representation, 
quality control, flight engineering and test, 
or similar position. 35 years of age. Résumé 
on request. 


Notices of all change of ad- — 
dress should be sent to the Circu- = 
lation Department, Institute of the 
Aerospace Sciences, Inc., 2 East 
64th Street, New York 21, N.Y., 
at least 30 days prior to change 
of address. 
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Soviet Advances (Continued from page 11) 


Fig. 1. Equivalence principle: 
(a) small angles of attack, (b) 
large angles of attack. 


be 
1 sina 


y Fig. 2. Flow past a 
power law body.*” 


Equivalence Principle and Similarity Law for Large 
Angles of Attack 


The basis of much of our understanding of hyper- 
sonic flows past slender bodies rests upon the idea of 
hypersonic similitude due to Tsien® and the equiva- 
lence principle of Hayes.*‘ Independently, Il’yu- 
shin® in 1948 (although his paper did not appear in 
the open literature until 1956) also developed the 
equivalence principle and termed it ‘‘the law of 
plane sections,’ to which it is generally referred in 
the Russian literature. In Russia, at about the 
same time, Bam-Zelikovich, Bunimovich, and Mik- 
hailova,? following the earlier work of Hayes, de- 
veloped the ideas of hypersonic small disturbance 
theory and gave a more complete proof of the 
equivalence principle. (This paper, too, although 
often referred to in the Soviet literature, has only 
recently become available in the open literature.) 
Independently, in this country Van Dyke® put for- 
ward the ideas of hypersonic small disturbance 
theory, while in Russia these same concepts were 
also expressed by Il’yushin in his paper. 

The equivalence principle which underlies hyper- 
sonic similitude applies to slender pointed bodies in 
hypersonic flow with the thickness ratio 7 (and angle 
of attack a) of the body small and with the free- 
stream Mach number M, large. Under these 
conditions, the local Mach number is everywhere 
large and the inclination of the shock waves and 
Mach waves to the free-stream direction are every- 
where small. The motion of individual air particles 
in a system of coordinates fixed in the undisturbed 
gas is almost in transverse planes with very little 
motion in the axial direction. With the axial 
motion of the particles neglected, a thin slab of 
fluid lying between two transverse planes as shown 
in Fig. la behaves as though its motion were in un- 
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steady two-dimensional motion constrained betwee 
the two transverse planes. Thus, a three-dimen 
sional steady flow is equivalent to a two-dimensiona 


unsteady flow in each slab. 

In the derivation of the equivalence principle an 
hypersonic similitude the velocity field about the 
surface of the body (with the angle of attack small 
may be regarded as a small-disturbance field clos 
to the body surface. With increasing angle of attack 
however, the perturbations produced by the slender 
body cease to be small. Recently, Sychev* has 
made an important extension of the equivalenc« 
principle and hypersonic similitude to slender bodies 
at large angles of attack. He has been able to carry 
out this generalization by imposing the additional 
restriction that the transverse dimensions of the 
body are all small in comparison with their length. 
That is, he assumes that if a slender body whose 
largest transverse dimension is taken to be d and 
whose length is / is placed in a uniform hypersonic 
stream at an angle of attack a, then 


§=d/l<<1 


Fig. 1). Asin the earlier small disturbance theory, 
the Mach number is taken sufficiently large that 


M.6 


In the usual derivation, where the angle of attack 
is sufficiently small (a < 4), the region between the 
shock wave and the body has a dimension of the 
order of the transverse dimension of the body. On 
the other hand, at high angles of attack (a >> 6 
the disturbance field extends a relatively large dis- 
tance from the surface on the leeward side (Fig. 1b). 
Sychev, however, makes the important observation 
that the pressure field in this region is weak and its 
effect on the rest of the flow is small as a result of the 
hypersonic character of the cross-flow (M. sin a 
>> 1). On the compression side of the body the 
transverse dimension of the flow field is, as in the 
earlier similitude, of the order of the transverse 
dimension of the body. Thus, even for high angles 
of attack the flow region of interest lies close to the 
body surface. 

From these observations, the dimensions of the re 
gion of influence of the shock wave are 

x = O(), r = 0(15), ¢ = O(¢) 
so that the following dimensionless independent vari 


ables which are of 0(1) in the flow field near the 
body may be introduced: 


R= = = 
From the shock wave relations, one can similarly 
estimate the orders of magnitude of the velocity com 


ponents, pressure, and density and introduce thx 
dimensionless independent variables 


u/U., cosa, = v/U, sina, ® = w/U. sina 
= p/po sin’a, B = p/Ppo 


with the barred quantities of 0(1). On substituting 
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the barred variables into the gas-dynamic equations 
and boundary conditions and neglecting terms of 0)(6?) 
1 new system is obtained in which the u-component 
of velocity is decoupled from the other unknowns 
(and can be determined from the Bernoulli equa- 
tion), just as in the usual small disturbance theory. 

If, in the resulting system of equations, the in- 
dependent variable x is replaced by the time variable 
{ according to the relation 


t = x/(U. cos a) 


one finds that the differential equations and bound- 
ary conditions transform into those of an unsteady 
flow in the plane x = constant. We thus have here 
a generalization of the equivalence principle to large 
angles of attack, whereby the displacement of the 
gas takes place in planes transverse to the axis 
of the body and the flow viewed in any transverse 
plane is independent of the flow in any other plane. 
As Sychev points out, the flow in a given transverse 
plane may be likened to the flow produced by an 
expanding and translating cylindrical piston whose 
shape is determined by the cross-sectional shape of the 
body, the rate of expansion by the axial distribution 
of cross-sectional area, and the flow velocity per- 
pendicular to the axis by the angle of attack. 

When the small-disturbance equations and bound- 
ary conditions are derived as indicated in the fore- 
going, they can be shown to depend, apart from the 
gas properties, only on the two parameters 


K, = M. sin a, and Ky = 6 cot a 
These similitude parameters also follow directly from 
the aforementioned equivalence principle. Therefore 
we may state that flows past affinely related bodies 
are similar if the above two parameters remain un- 
changed. That is, the barred flow variables are the 
same at corresponding points of the flow field. 
Based on the similitude for a perfect gas with a 
constant specific heat ratio y we may write for the 
normal force coefficient 


Cy = [Fw/(1/2) p2U.*ld| = sin? a Cy* (Ki, Ko, y) 
for the axial force coefficient 

Cy = = 6 sin? a C4* (K,, Ko, 
and for the moment coefficient 


Cy = [M/(1/2) = sin? a (Ki, Ko, 7) 
All of these functional relationships reduce to the 
usual similitude rules for small angles of attack. 
Sychev has also shown that both the equivalence 
principle and similitude rules are readily generalized 
to equilibrium real gas flows. 

At very high angles of attack (a >> 6) Sychev 
notes that terms of 0(1/./..2 sin? a) in addition to 
terms of 0(6?) may be consistently neglected. In 
this case, the solution does not depend on the free- 


stream Mach number (the parameter A,), so that the 
Mach number independence principle (corresponding 
to M. — ©) is operative for slender bodies at 
high angles of attack much sooner than for low 
angles of attack. Of course, this is to be expected, 
since the high angle of attack flow parallels much 
more closely the flow past a blunt body (in the cross- 
flow direction) where it has long been recognized that 
the Mach number independence principle is opera- 
tive at relatively low Mach numbers. 

Finally, in the case of very large angles of attack 
where K,~? < 0(6?) and where Ky << 1, Sychev de- 
rives extremely simple expressions for the functional 
coefficients Cy*, C4*, etc., in the case of bodies whose 
cross-sectional shape is constant along the body. 
With the solution independent of A,, the expressions 
for the flow variables are obtained by means of an 
expansion in the parameter K, of the form C’ = 
Co’ + since the parameter is small 
in comparison with one. He finds that the leading 
terms in the expansions correspond to the problem 
of transverse flow past a cylinder with M. > o. 
The resulting expressions he obtains from his solu- 
tion for the unknown functions of zero and first-order 
in the aerodynamic coefficients (the quantities Cy’ 
and C,') are constants depending only on the cross- 
sectional shape of the body. He points out that 
they can be determined either by exact numerical 
integrations or from experiments on a single slender 
body of revolution at high angles of attack. These 
results are valid in the range of angles of attack for 
which 6 << a< 7/2. We may note a certain analogy 
of the results of Sychev with the old Munk-Jones 
slender-body theory. Certainly, it is clear that, 
among other things, Sychev’s work is of great im- 
portance in connection with the analysis of certain 
types of lifting re-entry problems. 


Sharp-Nosed Slender Bodies 


As pointed out previously, some effort has been 
made in the Soviet Union to exploit unsteady self- 
similar solutions (in the Russian literature referred 
to as automodel solutions) to steady hypersonic flows 


2 2 y T 


BLUNT SHOCK 


SHARP SHOCK 


\ WEDGE SURFACE 


+ + 


4 i 
0.1 0.2 2 
tang 


Fig. 3. Shock shape for flow past a slightly blunted slender wedge.!® 
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These solutions have the 
property that the solution in the lateral variable y 
at one value of the time ¢ (or of x for the correspond- 
ing steady hypersonic flow) is similar to the solution 
at any other value of f. This property permits a de- 


past slender bodies. 


crease in the number of essential independent varia- 
bles from two to one, so that the problem can be 
analyzed using ordinary instead of partial differen- 
tial equations. 

A description of the historical development of the 
application of similar unsteady solutions to steady 
hypersonic flows both in and out of the Soviet Union 
may be found in the books of Hayes and Probstein®® 
and Chernyi.'* We note only that this application 
of similar solutions was first carried out in Russia 
by Velesko, Grodzovskii and Krasheninnikova,* 
Grodzovskii,”’ and Chernyi;': and, independently, 
in the West by Lin,®* Cheng and Pallone,’' and Lees 
and Kubota.” In the applications of these solutions, 


ton’ 


Fig. 4. Pressure distribution on slightly blunted slender cones. '* 


the assumptions were made that the gas was a per- 
fect one with a constant specific heat ratio and that 
the density ratio across the shock wave was a con- 
stant. These assumptions can be shown to imply 
that the free-stream Mach number 1/.. > ©. 

The basic problem which is posed here is the 
solution of the inviscid hydrodynamic equations for a 
perfect gas of constant specific heat ratio in one 
space dimension and time. The results of the solu- 
tion of these equations are then carried over by 
means of the equivalence principle to the corre- 
sponding steady flow. The most widely studied class 
of body shapes which give rise to similar solutions 
are those where the lateral body coordinate (or 
piston coordinate in the corresponding unsteady 
problem) has a power law variation. In this cese, 
for the existence of a similar solution the shock wave 
will have a power law behavior. Expressed analy- 
tically, the equation for the body shape is written 
in the form 


y = at" = ox (la) 
and that of the shock shape in the form 
y = Ct" = Cx" (1b) 
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Here, the coefficients of t” and x” are constants, and 
t is the time in the unsteady motion equivalent t 
v/ U.. in the equivalent steady flow, with x the axial 
distance and U,, the free stream velocity (Fig. 2). 

It was shown independently by Krasheninnikova, 
Lees and Kubota,” and Grigorian**® that for 
specified power law body a self-similar solution oi 
the problem with a corresponding power law shock 
wave exists only for 


n> 2/(3+7 (2 


where j () for the two-dimensional case and | for 


the axisymmetric case. The argument (at least in 
refs. 57 and 26) for the existence of the solution be 
ing based on the fact that the forebody drag of a 
power law body has a finite value only when the 
inequality Eq. (2) is satisfied. 

For n > 2/(8 + j) the body has a thickness dis 
tribution which is zero at the nose and which in 
creases monotonically in the x-direction. If 1 is less 
than one, the body is somewhat blunted at the nose 


and the equivalence principle fails locally there 


Fig. 2). (We shall have occasion to discuss this 
point in more detail in connection with blunt-nosed 
slender bodies.) If ” is greater than one, the body 
shape is cusped and the equivalence principle fails 
at some distance downstream of the nose. If 
is equal to one, the body is a wedge or a cone and the 
validity of the equivalence principle depends on the 
wedge or cone angle being small enough. 

In the case where n = 2/(3 + j), we have the 
so-called constant-energy or blast-wave case and we 
shall discuss the application of this solution to steady 
hypersonic flows in connection with blunt-nosed 
slender bodies. 

Chernyi'® has shown that when m < 2/(3 + j 
with x ~ ()) the self-similar solutions which are ob- 
tained corresponding to the power-law shock wave of 
Eq. (1b) can be used to generate flows past airfoils 
and annular bodies of revolution. He notes, how 
ever, that the solution cannot be continued from the 
shock wave for all values of time (or distance x in 
the steady-flow problem) but only to the point at 
which a limit line appears in the flow. Studies of the 
singular point of the equations of motion indicating 
the condition under which the streamline through a 
power-law shock wave terminates in a limit line may 
be found in Adamskii and Popov,! Grigorian,” and 
Kochina and Mel’nikova.** In the equivalent 
steady flow, from these solutions one obtains a seg 
ment of a streamline which can be taken to be the 
contour of an airfoil or body of revolution. Chernyi 
has also shown that exponential body shapes and a 
logarithmic shape in the case of two-dimensional 
flow also lead to similar solutions which can be used 


© construct flows past symmetrical and unsym 
metrical airfoils with attached shock waves ani 
axisymmetric bodies with and without an annulus. 
Applications of these self-similar results to aer 
dynamic problems may be found in Chernyi’s book. 
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in particular, we note that according to the Mach 
number independence principle, which is operative 
for these self-similar solutions, the drag coeffi- 
cient Cp = r°f(y). Here 7 is the thickness ratio, 
taken to be the ratio of the maximum diameter to 
the length of the body, and Cp is based on the 
maximum cross-sectional area. From numerical 
calculations, Chernyi,'* and independently Grod- 
zovskii and Krasheninnikova,”® found for axisym- 
metric power-law bodies that with y = 1.4 the drag 
is a minimum for a given body length when the ex- 
ponent 2 =~ ().71, for which the value of f(y) = 0.38. 
On the other hand, for a cone of the same length 
f(y) = 0.52, indicating a 27 percent lower drag for 
the power-law body. Chernyi has also shown from 
these solutions that for a given volume V and given 
maximum cross-sectional radius R the minimum 
drag is achieved with a cone. 
Cp(V/R*)? = 2.28. 

Another interesting application of these power-law 
solutions has been made by Grodzovskii* who ap- 
plied the Busemann biplane concept and calculated 
the drag of a wedge-like fuselage in combination 
with a triangular and power-law wing, a half-cone 


In this case, he finds 


fuselage in combination with a triangular wing, 
and a half-body power-law fuselage in combination 
with a corresponding power-law wing. 


It is also of interest to note that calculations of 


self-similar solutions have been carried out by 
Kochina and Mel’nikova*! in the case of the blast 
wave problem |[i.e., where m = 2/(3 + j)] for self- 


similar compressible fluids other than a perfect gas 
with constant specific heats. They point out that 
for the problem to be self-similar, it is sufficient that 
the internal energy be equal to the pressure times a 
function of the density. They have obtained solu- 
tions for three different forms of the equation of 
state. Although they were primarily interested in 
explosion problems in water, it is clear that their 
analysis could be extended to self-similar solutions 
of the type we have been discussing with equations 
of state which might possibly be applied to steady 
hypersonic flows. 

In the solutions which have been discussed, the 
free stream Mach number is assumed infinite. On 
the other hand, for any finite Mach number there is 
some nonzero counterpressure in the gas and the re- 
sults have to be modified accordingly. In this case, 
except for the wedge or cone, the solution is no longer 
self-similar. Kochina and Mel’nikova** have calcu- 
lated the first-order eifect of counterpressure by es- 
sentially expanding the solution in inverse powers 
of the square of the hypersonic similarity parameter. 
The resulting zero-order results are just the self- 
similar solutions already considered, while the first- 
order solution corrects for the effect of counter- 
pressure. Similar calculations have also been carried 
out by Kubota.* 

Other problems of nearly self-similar unsteady 
motion with application to steady hypersonic flows 


have been treated by Zaidel’,*® and in the case of 
two-dimensional unsteady motion by Koldob- 
skaya.** These analyses all involve perturbing the 
basic self-similar flow and linearizing the resulting 
equations. An example of this type of analysis may 
also be found in the work of Mirels and Thornton*® 
in which they studied the effect of body perturba- 
tions on hypersonic flows past power-law bodies. 

More general methods of solving nonsimilar un- 
steady flow problems, which are applicable to steady 
slender body hypersonic flows, have also been de- 
veloped in the Soviet Union. In particular we note 
the integral relation technique of Chernyi'*: © which 
we shall discuss in the following section in connec- 
tion with slender blunt body flows. 


Slightly Blunted Slender Bodies 


The problem of the slightly blunted slender body, 
that is, a slender body for which the dimension 
characterizing the blunting is small in comparison 
with the axial dimension, has received a good deal 
of attention in the Soviet literature. In Russia, 
Chernyi™: |! and independently in the West Lin,® 
Cheng and Pallone,’! and Lees and Kubota” sug- 
gested that the effect of the bluntness could be re- 


Fig. 5. Drag coefficient for slightly blunted slender cones of 


length 1.18 


placed by concentrated forces acting at the nose. 
With this model, the solution which is obtained does 
not apply in the vicinity of the blunt nose but, hope- 
fully, applies to the asymptotic behavior of the flow 
downstream. 

These authors showed by using the equivalence 
principle that the unsteady violent explosion solu- 
tions of Sedov” and Taylor*! corresponded in the 
equivalent steady hypersonic problem to flow past a 
blunted flat plate (here the initial charge is dis- 
tributed on a plane) and to flow past a right cir- 
cular cylinder with its flat face normal to the stream 
(here the charge is initially distributed along a line). 
These solutions predict a power-law shock shape 
[Eq. (1b)| in which the exponent = 2/3 for the 
two-dimensional case and 1/2 for bodies of revolu- 
tion. However, the ratio of the shock layer thick- 
ness to the body thickness for these similar solutions 
approaches infinity (i.e., the ratio of the constants 
c/C = 0). Therefore, the body thickness must be 
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Fig. 6. Body shape for parabolic shock-wave and blast-wave pressure 
distribution. 


Fig. 7. Pressure coefficient 
on an elliptic cone according 
to thin shock-layer theory.*” 


zero with a finite shock layer thickness. Of course, 
a body which is truly of zero thickness creates no 
disturbance in an inviscid flow and the mechanism 
for the creation of the local strong disturbance is the 
blunt nose on a body which, after the nose, has effec- 
tively constant thickness. 

The similar blast-wave solutions of which we have 
been speaking assume there is a violent explo- 
sion with infinite entropy at the origin of the explo- 
sion, and hence in the corresponding steady flow 
problem a layer of gas immediately adjacent to the 
surface which also has infinite entropy. It is clear, 
that in the steady flow case the entropy of the gas 
has a definite upper limit determined by the entropy 
jump across the normal shock ahead of the blunt 
nose. In this high-entropy layer the equivalence 
principle fails. The effect of this high-entropy layer 
or ‘hot core’ of gas on the application of these un- 
steady solutions to steady hypersonic flows past 
blunt-nosed bodies will be considered further on in 
the light of recent Russian work on the subject,” 
after we have completed the discussion of solutions 
for blunt-nosed slender bodies obtained by a direct 
application of the equivalence principle neglecting 
the ‘‘hot core.”’ 

In treating blunt-nosed slender bodies of more 
general shape than just discussed, the basic assump- 
tion is that the body is sufficiently slender and that 
the major contribution to the drag is a result of the 
blunt nose. Following Chernyi,'*: '* we may state 
the problem for two-dimensional flow (the statement 
is completely analogous for axisymmetric flow) as 
follows: At the nose, we replace the effect of the 
bluntness by the resultant forces per unit depth D 
and L, which are, respectively, the forces axial and 
normal to the flight direction. The drag force D 
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increases the energy of the gas in a layer of unit 
depth normal to the flight path by an amount F = 
D- \. Although the resultant lift force L does 
not do work, it imparts in this layer an impulse (as 
does D) normal to the flight path of an amount J = 
L/l The corresponding unsteady problem is that 
at an initial instant of time, an explosion occurs on a 
plane and an energy #£ is released in the gas which is 
initially at rest. This imparts an impulse / along 
the normal to the plane (# and / are defined per unit 
area of charge). At this instant of time, a plane 
piston begins to move from the point of the explosion 
with a velocity V. The steady flow is related to this 
unsteady problem by setting EK = D, J = L/U., 
| U’.. tan 6, where @ is the local inclination angle 
with respect to the axial direction of the airfoil 
surface, and finally by introducing the time ¢ through 
the relation x = U.t. 

When the counterpressure can be neglected and 
| () and V = 0, we have the self-similar problem 
of the violent explosion discussed previously. In 
the case of a slightly blunted wedge or cone, for 
example, EH # 0 and V = U., tan 6 = const (@ is the 
wedge or cone half-angle). Here, the resulting un- 
steady motion is not self-similar even when the 
counterpressure may be neglected. Chernyi has 
solved the wedge and cone problems by employing 
an integral technique. His basic equation is an 
energy integral which is written down by noting that 
the total energy (kinetic plus internal) of the gas 
at each instant of time must equal the sum of the 
energy released by the explosion, the initial energy 
of the gas (if counterpressure is not neglected), and 
the work done due to the motion of the piston. 
In the equivalent steady flow problem, this may be 
stated as the forebody drag up to a given point on 
the body equals the net energy perturbation of the 
transverse flow at this point. 

In the unsteady flow problem, the energy integral 
ay be written as 


2) p v(Or ot)? + [p ( 1)] (v — vo) = 
t 
E+ pdw(t) (3) 


Here y is distance from the initial plane, v — w 
is the volume of gas in the shock layer, vo is the 
volume displaced by the piston equal to vf in the 
case of the wedge, and where for the wedge v 
r,(t) the distance from the initial plane to the shock 
wave (i.e., the equation of the shock path). Under 
the assumption that the density ratio across the 
shock is sufficiently small so that most of the fluid 
is concentrated in a thin layer close to the shock 
where the principal change in pressure occurs 
Chernyi assumes that the pressure p takes on th 
value it has on the piston. Following from this 
thin shock layer approximation he takes the velocit. 
of the gas particles throughout the layer to be th: 
same as behind the shock so that 
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Or/Ot = [2/(y + 1)]Fs (4) 


Finally, with p the pressure on the piston surface 
he applies the impulse equation to determine the 
pressure: 


p.v(Or/ot) = I + f p dt (5) 
0 


By elimination between Eqs. (3)—(5) the problem is 
reduced to the solution of a single second-order non- 
linear differential equation in 7,(t) which describes 
the shock path. Mirels® has pointed out that this 
approximate solution of Chernyi’s is consistent with 
a local similarity hypothesis, which is probably 
familiar to the reader who has worked in boundary 
layer theory (e.g., Hayes and Probstein,® pp. 312- 
516). 

Chernyi'*: has generalized this integral approach 
based on the assumption of a small density ratio 
across the shock wave (essentially the thin shock 
layer assumption) to a general integral method for 
solving nonsimilar unsteady problems of the type 
considered in this paper. He finds, by comparison 
with exactly similar solutions, that his results are 
applicable up to density ratios of 0.2 to 0.3 (recall 
for a perfect gas with y = 7/5 the limiting density 
ratio across a shock is e = 1/6). 

Some results of Chernyi’s calculations'*: '* for 
flow past a slightly blunted wedge are shown in Fig. 3. 
Phere Cp is the drag coefficient of the blunt nose and 
d its width, with y and x the normal and axial co- 
ordinates, respectively. It is interesting to note 
that the shock wave angle approaches the shock 
angle in the downstream direction for flow past the 
sharp leading edge wedge, although the shock 
itself is displaced further from the surface than for 
the sharp leading edge case. This displacement is 
caused by the high-temperature, low-density hot 
core mentioned previously. The asymptotic thick- 
ness of this layer far downstream is given by Chernyi 


as 
— 1)/4]| (Cp/tan? @)d 


Clearly, for slender wedges this thickness can be 
appreciable. Although not shown, Chernyi has 
also found that for slender wedges a slight blunting 
ot the leading edge leads to a considerable increase 
in drag. In addition, he also points out that the 
center of pressure of an airfoil with a blunt leading 
edge can be moved considerably forward in com- 
parison with the sharp airfoil. Thus, with M..— 
ior a flat plate airfoil, the center of pressure is 
located at the quarter chord point from the leading 
edge instead of at midchord. 

Fig. 4 shows the pressure distribution result from 
the corresponding calculation for the cone. The 
curve is seen to have the expected minimum as well 
as a recompression overshoot. Also shown for com- 
parison are the experimental data of 
ior the flow of air at M 


Bertram” 
= 6.85 past a 10° half-angle 


cone. Although the agreement between theory and 
experiment is not completely satisfactory, it seems 
of some interest that the behavior of the distribu- 
tion is qualitatively correct. This in itself is of 
importance considering the elementary character of 
the theory. Chernyi since the pressure 
on an appreciable part of the cone surface is lower 
than on the surface of the corresponding sharp- 
nosed cone that the total drag of the blunt-nosed 
configuration can be less than that of the sharp- 
nosed one. This is illustrated in Fig. 5 where the 


cone 


total drag coefficient Cp 


notes 


of a cone of length / 
is plotted as a function of the appropriate dimension- 
less length parameter. (Recall that Cp is the drag 
coefficient of the blunt nose and d its width.) Here 
it can be seen that the drag coefficient has a mini- 
mum at a point corresponding to 


l/d =~ 0.96 VCp/2/tan? 6 


At this point, the drag coefficient is about 10 percent 
/ess than that of the corresponding sharp-nosed cone. 
Certainly, even if this result turns out to be not quite 
correct, it is of great interest that the drag of a 
blunt-nosed cone can be of the same order and 
perhaps actually even less than a sharp-nosed one. 
For those interested in practical aerodynamic 
problems, where nose heating can be crucial, this is 
an important factor to bear in mind in any design. 


Blunt Bodies and the Entropy Layer 


One of the principal questions to be answered in 
all of the calculations we have presented so far is the 
extent to which the high-entropy layer discussed 
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Fig. 8. Pressure distributions on axisymmetric bodies according to 


method of integral relations.® 
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previously affects these results. Lunev®” has at- 
tempted to answer this question by means of an 
approximate numerical calculation to determine the 
effect on the pressure distribution on the cone. A 
more satisfactory analysis, however, has been carried 
out by Sychev.“” In his paper, Sychev has shown 
that the high entropy layer can be analyzed very 
much like a hypersonic interacting boundary layer 
in which, in calculating the surface pressure distribu- 
tion, it is necessary to take account of the displace- 
ment effect of the layer. Recognizing the boundary- 
layer nature of the high-entropy layer, Sychev ex- 
pands the lateral variable in this layer by using an 
appropriate ‘‘mass flow’ stretched coordinate. In 
particular, he selects the usual von Mises boundary- 
layer variables in which the independent variables are 
x and the stream function y. 

Sychev examines flows with power-law shock 
waves [Eq. (1b)] and power-law body shapes [Eq. 
(1la)] which were discussed previously. He defines 
approximately the entropy layer as comprising those 


streamlines which have passed through the high 
angle part of the shock wave near the nose (Fig. 2) 
where 


dy/dx nCx"-! > 1 


Based on this condition and using the definition of 
the stream function, it can be shown that the follow- 
ing estimate holds for the change in y across the 
entropy layer: 


Ay ~p U cute (1—n) 


In addition, using the hypersonic small disturbance 
values for the transverse velocity and pressure, 
Sychev then notes that the pressure change across 
this layer is given by 


Ap p (l1—n) 


where 7 is thickness ratio. Thus, for m > 2/(8 + 7) 
the relative pressure change across the layer is 
<7r* and, hence, the transverse pressure gradient in 
the entropy layer can be neglected within the hyper- 
sonic small disturbance approximations. 

On the other hand, the relative thickness of this 
layer (Fig. 2) is given by 

Ay/y ~ N(y, 

where ¢ is the density ratio across the shock p../p, 
and where Ne is roughly of the order of one. Since 
within hypersonic small disturbance theory changes 
of O(7*) or less can be neglected, then the relative 
thickness of the entropy layer may be regarded 
as negligibly small when 


n> [2 + (2/y))/[3 +7 + (2/y)] 


Since the foregoing function of y is slowly varying 
over the range of y of interest, we may say that the 


high-entropy layer effect can be neglected if m > 4/5 
for two-dimensional flow and » > 2/3 for axisym- 
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metric flow. Therefore, the previous results pre- 
sented for both the wedge and cone should be 
satisfactory. However, the results for the blunted 
flat plate and cylinder using the blast-wave analogy 
[where » = 2/(3 + j)] should be seriously in error, 
particularly for the surface pressure distribution. 
However, the shock-wave shape obtained by this 
calculation is probably reasonably correct, at least 
so far as the exponent in the power law is concerned. 

In order to demonstrate the effect of the entropy 
layer, Sychev has carried out an inverse calculation 
in which he asks what body shape corresponds to the 
shock shape and pressure distribution given by the 
self-similar blast-wave solution (recalling that the 
pressure change across the entropy layer can be 
neglected). In particular, he studied the axisym- 
metric case with C = 2”* where the shock shape as 
noted previously is proportional to x’. The cal- 
culation is carried out in a relatively straightforward 
manner using the equation for the definition of 
the stream function 


Oy/Ow = 1/puy’ (6) 


But from the similar solution with A = y/y, and 
with the subscript s denoting conditions at the 
shock, it is a simple matter to show that the stream 
function may be written as the product 


= ¥,(x) n(A) (7) 


Here 7 is determined from the numerical solution of 
the blast wave problem. The stream function at 
the shock is, of course, known from the shock 
shape From Eqs. (6) and (7) the body shape is 
then given by the relation 


y = 1/11 + 9) 


where ¢ and wu must be determined as a function of 
x and ». Now the pressure in the shock layer p, 
from the definition of the similar solution, may be 
written functionally as the product ,(x)h(n), with 
Pp, known from the shock shape and h(n) from the 
numerical calculations of the blast wave solution. 
But from the adiabatic condition, p/p” is equal to 
a known function of y, since the shock shape is given. 
In this way, by eliminating the pressure, the density 
distribution can be found as a function of x and 7. 
As Sychev correctly notes, the equivalence principle 
breaks down in the high-entropy layer and the axial 
velocity « no longer equals U., but rather is given 
from the energy equation by the relation 


us — 1) p/p 


With p and p already determined, it is a simple 
matter to write uw as a function of x and y. Upon 
inserting the values of p and u thus found into Eq 
(8) and integrating for a fixed x, Sychev was able 
to determine the body shape corresponding to the 
parabolic shock wave. 

His results are shown in Fig. 6, where x and y are 
made dimensionless with respect to the radius of 


S 

\ 
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curvature of the shock at the nose. This result is 
striking, for the body far from being of zero thickness 
is more than 0.6 of the shock layer thickness at x = 
10 and is still about half the shock layer thickness 
itx = 100. The relative thickness of the body does 
not become a negligible quantity until x becomes 
exceedingly large. 

Sychev points out that the neglect of the entropy 
layer effect is probably the reason why the blast 
wave solution, even taking into account the counter- 
pressure, gives pressures on a blunt cylinder which 
ire much higher than those calculated by exact 
iumerical means. The reason for his argument is 
clear, for with the entropy layer the pressure drops 
much more rapidly along the surface because of the 
new “effective body shape’ which is generated. 
This interesting contribution of Sychev’s makes 
clear that the rather good agreement with experiment 
of shock wave shape which had been obtained by 
employing the blast wave solution was to some 
extent fortuitous. It once again emphasizes the 
need of rational theories and the caution with which 
empiricism should be applied in advanced design. 


Newtonian Flow and Thin Shock Layers 


Newtonian flow theory which essentially results 
in a perfect gas from taking the limiting process 
M., ~ © and y > 1, or more generally letting the 
density ratio across the shock e — 0, is in its com- 
pletely rational form today looked upon with some 
disparagement because of its poor agreement with 
experiment, and because of some of the anomalous 
conclusions which result from it (Hayes and Prob- 
stein, Chapter ITI). 
clusions is, however, 


A consideration of its con- 
still felt to 
since this can lead to a 


be worth while 
better understanding of 
actual hypersonic phenomena. Calculations of mini- 
mum drag bodies using the Newtonian formula 
modified to give the correct pressure at the nose or 
leading edge, but without the centrifugal correction 
of Busemann, were carried out by Grodzovskii”’ in 
1957. (In his calculations, he also took into account 
an average skin-friction coefficient.) Similar cal- 
culations were carried out by Eggers, Resnikoff and 
Dennis” at about the same time in the United States. 
We emphasize, however, that such an approach is 
based on an empirical foundation. We may note 
that the body of revolution of minimum drag cor- 
responding to this uncorrected Newtonian relation 
is Close to a 3/4 power body. 

An attempt to determine optimum shapes for a 
given thickness ratio in axisymmetric flow (including 
innular bodies) using the Newtonian relation with 
the Busemann centrifugal correction, that is, the 
Newton-Busemann formula, was made by Gonor 
ind Chernyi.” The surface pressure according to 
the Newton-Busemann formula for a body (without 
n annulus) is given by the relation 


b = p..U(sin? @ + sin 0 A cos a dF) 
dF 0 


where @ is the local inclination angle of the surface 
and F the cross-sectional area. The corresponding 
expression for the drag coefficient expressed in terms 
of the lateral and axial body co-ordinates y and x, 
respectively, is 


i) cos 0 
Jo (1 + y”) 


(9) 
Here, y’ is the local slope dy/dx and the subscript | 
refers to conditions at the rear of the body. 

In carrying out their optimization these authors 
optimized the integral appearing in Eq. (9) and ac- 
cepted the value of 4, which came out of the analysis. 
In so doing, the slender axisymmetric body shape 
they arrived at was a 3/4 power body with a drag 
coefficient approximately 30 percent less than that 
of a cone. This is in contrast to the uncorrected 
Newtonian 3/4 power body which gives a drag 
coefficient approximately 16 percent lower than the 
cone. Hayes and Probstein® point out, however, 
that the shape so obtained is not an optimum one and 
that an ‘‘absolute optimum’’ body would be obtained 
if @, in Eq. (9) was set equal to zero so that cos 6, was 
equal to one. Hayes noted that such absolute 
optimum shapes could be attained by means of the 
addition of a “thrust cowl’ at the base of the body 
which would turn the flow in the shock layer into 
the proper direction. In this case, however, a 
negatively infinite pressure at the base results. 

With the possibility of a thrust cowl excluded, 
the integral in Eq. (9) with the factor in front of it 
must be maximized together. In this case, Hayes set 
up the additional requirement that the pressure on 
the body be everywhere positive or zero, thus ruling 
out the possibility of having a discontinuity in slope 
of the body. He termed the bodies so obtained 
“proper optimum” shapes. Although not able to 
prove it, in general, he guessed that these bodies 
would have a forebody with an absolute optimum 
shape with positive pressures and an afterbody 
which is arbitrary. Recently, Gonor*! has analyzed 
this problem and shown rigorously that this is, in 
fact, true. For the details of the analysis we refer 
the reader to Gonor’s paper. His results which were 
carried out for axisymmetric bodies of arbitrary 
thickness ratio show that the “proper optimum” 
body has a drag coefficient approximately 20 to 22 
percent less than the 3/4 power (approximately) 
Newton-Busemann shape. These results agree with 
those given in Hayes and Probstein® for the slender 
body case. 

Another example of Soviet work in the area of 
Newtonian flow theory may be found in the paper of 
Maikapar.** The 
those of others.* 


results in this paper parallel 

Gonor in his Kandidat thesis at Moscow Uni- 
versity, which has since been published in 2 series 
of separate papers,”?'~** has also carried out some 
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interesting studies of nonaxisymmetric conical flows. 
In his approach, he applied the thin shock-layer con- 
cept based on the idea that at hypersonic speeds the 
density ratio « across the shock will be small. With 
the shock layer thin the shape of the shock wave 
does not differ very greatly from the shape of the 
body. Clearly, in the limit of « ~ 0 the results of 
such an analysis will lead to the Newton-Busemann 
pressure relation given previously. Because of the 
thinness of the shock layer, the problem can be 
considerably simplified by employing a boundary- 
layer type of coordinate system (oriented either with 
respect to the shock wave or body surface depending 
upon which is given). Gonor first considered the 
problem of the right circular cone at angle of attack*’ 
and then later generalized his approach to arbitrary 
conical bodies.”* 

The approach used is best explained in the case 
of the circular cone at angle of attack. The idea 
is to introduce a spherical co-ordinate system 1, 0, ¢ 
and use the fact that along the cone axis the flow 
is independent of the variable r, that is, it is self- 
similar with respect to the radius 7. The conical 
flow equations are then transformed from the in- 
dependent variables 6 and ¢ to the new independent 
rariables y, which is essentially a stream function 
co-ordinate for the problem, and ¢. The stream 
function y is analogous to that introduced in the von 
Mises boundary-layer transformation and is defined 
by 


(v/A,) (OW/00) + (w/A») = 0 


where v and w are the @ and ¢ components of the 
velocity, respectively, and where for the circular 
cone A; = 1 and A, = sin 6. For elliptic cones, 
the coefficients A; and A» are the Lamé coef- 
ficients. The stream function y is similar to the 
ordinary stream function met in two-dimensional 
and axisymmetric flow in that it is constant along 
particle paths. However, there is a certain arbi- 
trariness in defining y and the velocity components 
cannot be defined tn terms of y in such a way that 
the continuity equation is automatically satisfied. 
In this type of problem, the streamline pattern is 
unknown beforehand and the geometry of the co- 
ordinate system must be determined as part of 
the solution. The stream function nevertheless 
serves, just as in the Newtonian theory and in the 
high-entropy layer problems, as an appropriate 
vertical scale which makes it much easier to handle 
the entropy layer and vortical singularities which 
appear in these types of conical flows. 

With the shock-layer thickness of 0(¢) for the thin 
shock layer, Gonor applied the idea of expanding 
all the variables in the partial differential equations 
in powers of «. For example, 


u = w+ ely 


v= €v0 + 
W = Wo + cw), etc. 
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Derivatives of O(1/e) are eliminated by use of the 
stream function variable and all derivatives are then 
of O(1). The zero-order solution in ¢ for the pressure 
corresponds to the Newton-Busemann pressure. 
However, the complete zero-order solution permits 
a calculation of the entire flow field including the 
velocity and density distributions in the shock layer. 

Gonor has carried out his calculations for a right 
circular cone at an angle of attack,”! a triangular 
cross-section wing,?? and an elliptic cone at zero 
angle of attack.?* For a right circular cone, he 
has given an expression for the shock angle as a 
function of angle of attack.?* Although too lengthy 
for purposes of presentation here we note that for 
small angles of attack (the cone angle may be large 
or small) one of the parameters in his result is small, 
and by expanding in this parameter we may 
write his result for the shock angle as 


o+ — 0. = (e/2) tan (6. = a) (10) 


Here ao, and a_ are the shock angles with respect to 
the axis of symmetry on the windward and leeward 
sides respectively, 9, is the cone half-angle, and a 
the angle of attack. In the case of very small « 
this result does reduce to the constant-density result 
for axisymmetric flow past a cone.™® 

He makes the observation that it is usually 
thought the shock wave on the leeward side 
always departs farther away from the body than on 
the windward side. From Eq. (10), however, it is 
clear that for every cone of different angle there 
exists, with increasing Mach number, a Mach num- 
ber at which the shock angle on the windward side 
becomes equal to the shock angle on the leeward side. 
Thereafter, the shock angle on the windward side 
becomes greater. This means that for each cone 
there exists a Mach number at which the shock 
again becomes almost round and then flattens 
toward the body more strongly on the leeward side 
The thicker the cone, the faster this occurs at a 
specified Mach number. Of course, as Gonor points 
out, this behavior should not be surprising, although 
to many it seems to be, for exactly the same behavior 
is to be found in flow past a wedge. Gonor has 
checked his relation out experimentally at M. = 
t and from the data he observes that with a cone 
half-angle of 40° the change in shock location occurs 
for M.. < 

In Fig. 7, we have shown Gonor’s zero-order re- 
sults for the pressure coefficient on an elliptic cone.” 
Note here, that for the ratios of major-to-minor axes 
which he has used the ellipse is elongated in the 
y-direction, although since the flow is at zero 
angle of attack the problem is symmetrical. Here 
Y is a distorted y co-ordinate given by 


Y = (y/z) [(a/b)/tan 6] 
and / is the inverse square root of the cross-sectional 


area (1/V nab). The equation of the elliptic cone 
is defined by 


} 
+ 
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(x?/a?g2) + (y? b?z?) 


where 


tan? 6 = (x*/z?) + (a?/b?) + (y?/2?) 


[hese results are of interest because of the relatively 
flat pressure distribution near Y = 0 away from the 
outboard edges where small-disturbance theory may 
be approximately applied. 
culations show the does not have 
a discontinuity in curvature at the plane of sym- 
inetry no matter how small a/b is. 


Furthermore, his cal- 
shock wave 


This is interest- 
ing, since for the triangular wing such a discon- 
tinuity is indicated, although it is undoubtedly due 
to the approximation employed. In connection 
with the triangular wing at angle of attack, it is 
especially interesting to note that his expressions 
for the lift and drag coefficients based on the plan 
area of the wing agree exactly with those found for 
the wedge, at least to order «. We may recall that 
this same type of behavior also occurs in the lin- 
earized theory of supersonic flow, where the linearized 
wing results agree with Ackeret’s result for a wedge. 

Although all of the thin shock layer calculations 
we have mentioned have been carried out for a per- 
fect gas with y constant, there have been calcula- 
tions performed in the Soviet Union for equilibrium 
real gas flows. An example, in connection with thin 
shock-layer problems, may be found in the paper of 
Liubimov.* 


Other Relevant Topics and Methods 


Before proceeding to the purely numerical methods 
of solution which have been developed in the 
Soviet Union, we would like to mention several 
papers, most of which are not specifically related to 
hypersonic flows but which are, nonetheless, of 
interest in connection with such problems. Of par- 
ticular interest are a series of papers by Bulakh’~® 
on conical flows (see also the references in his papers 
to earlier contributions). In these papers Bulakh 
outlines exact methods (as well as expansion pro- 
cedures for moderate Mach numbers) for calculating 
conical flows. In one of these papers,’ he points 
out, for example, that in three-dimensional conical 
flows the existence of intermediate transonic regions 
adjacent to the Mach cone, in general, probably do 
not exist in the exact solution of the problem. One 
can also find in his papers lucid discussions concerning 
the nature of conical flow past wings. 

As is well known, the only class of bodies for 
which relatively simple exact solutions have been 
obtained is for axisymmetric flow past a circular 
cone. Maikapar** has shown, however, that exact 
solutions can be obtained for nonaxisymmetric 
bodies which are in the shape of cones of polygonal 
cross section. The surfaces of such bodies are formed 
by the stream surface behind a configuration of plane 
shock waves which intersect along (without extend- 
ing beyond) the straight convex edges of the cones. 


Although the body shapes which are obtained are 
different for each Mach number, such a solution, 
because it is both simple and exact, would seem to 
Maika- 
par obtains relatively simple expressions for the 
pressure coefficient in its dependence on the body 
shape. He also plots the relationship of the drag 
coefficients of these bodies to the drag at M., = © 


be useful at least for comparison purposes. 


of a circular cone of corresponding cross-sectional 
area. One particular configuration which he obtains 
is of some practical interest in that it closely re- 
sembles a delta wing with an empennage. 

Another series of interesting papers by Shmyglev- 
skii‘?~** should also be mentioned. In these papers 
he treats the problem of finding airfoils and bodies of 
revolution of minimum wave drag using the exact 
equations of motion and partially numerical methods 
of solution. Although space does not permit a 
description of the variational problems as formu- 
lated, it is interesting to note that for two-dimen- 
sional flows under the isoperimetric conditions he 
imposes that the minimum drag bodies which he 
finds are, for all intents 
shaped. ** 

Finally, we note a paper by Shidlovskii*! in which, 
by using the hypersonic small disturbance equations, 
he has attempted to derive approximate methods for 
calculating two-dimensional flows past sharp-nosed 
airfoils. 


and purposes, wedge- 


Numerical Methods 


A good survey of the application of numerical 
methods to problems in gasdynamics in the Soviet 
Union may be found in a paper of Dorodnitsyn” 
published in a Polish journal. In this paper, he 
emphasizes the fact that strong discontinuities such 
as shock waves are the principal impediment in 
solving the gasdynamic equations numerically. 
He also describes three methods of solving such 
problems numerically: (1) finite difference methods, 
(2) the method of integral relations, and (3) the 
method of characteristics. We’ shall discuss the 
latter two since they seem of particular interest. 
We point out that the method of integral relations 
was devised by Dorodnitsyn himself.'*:9 


1. Method of Integral Relations 


Because Dorodnitsyn’s method is fully explained 
in his own papers,” !® in the papers of his col- 
leagues,*~*:"” and in an English text,® we shall not go 
into much of the details of the method here. We 
only note that in the case of two independent vari- 
ables, for example, the idea of the scheme rests on 
writing the equations to be solved in the following 
“divergence” form 


(0/0x) PA x, ¥3 te) + 
(0/dy) Qi(x, m1, Un) = 
Herez = 1, 2,...,m,; and the u,’s are unknown func- 
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Fig. 9 (left). Shock shape, sonic 
line, and limiting characteristics on a 
sphere at M.. = 4, according to 
method of integral relations and com- 
parison with experiments of Shyl'gin.® 
Fig. 10 (above). Stagnation point 
shock standoff € for ellipsoids of rev- 
olution (6 = minor to major axis 
ratio), according to method of integral 
relations.® 


tions of x and y. As pointed out by Dorodnitsyn, 
the gasdynamical equations (in two independent 
variables) can always be expressed in this manner. 
The domain of interest over which the equations are 
to be integrated is then broken up into a series of 
equidistant strips. For example, let us consider 
the domain bounded by the lines x = a, x = 6b, and 
y = 0, y = 6(x). Here 6(x) may be known or it 
can be unknown, in which case an additional 
boundary condition is required. In this example, 
the domain would be divided into N strips of thick- 
ness 6/N, and then every equation in the system 
would be integrated with respect to y to the bound- 
ary of each of the strips. This would lead to nN 
independent integral relations. In these relations, 
the integrands P; and L; are then approximated, 
for example, by interpolation polynomials in y 
where the coefficients are functions of x. By sub- 
stituting these polynomials into the integral re- 
lations and carrying out the integration, one obtains 
a system of »N simultaneous ordinary differential 
equations with the values of the functions u, at 
the interpolation points as the dependent variables 
and x as the independent variable. Applying the 
appropriate boundary conditions and numerically 
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Fig. 11. Pressure distributions on 20° half-angle blunt-nosed cones 
with hemispherical caps from method of characteristics. '® 
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integrating the system from x = a to x = 6 will 
then give the desired solution. Unfortunately, one 
drawback in this scheme is the fact that how large 
N must be can only be answered by carrying out 
the solution for increasing N (one has a different 
system of equations to solve for each N) until a 
satisfactory convergence is obtained. The method 
is, however, ideally suited to machine computation 

Belotserkovskii*— in a series of papers beginning 
in 1957, applied this scheme to the calculation of 
blunt-body flows. The caliber of this work is not 
to be underestimated, for it is, so far as the author 
knows, the only really workable numerical method 
which has been carried out for solving the direct 
problem of finding the shape of the detached shock 
wave and the flow field of a given blunt body. In 


SHARP CONE+ 


x/R 


Fig. 12. Axial variation of drag coefficient on blunt-nosed cones 
with hemispherical caps at M,, = 6 from method of characteristics. '® 


Figs. 8 to 10 are shown some results of calculations 
for bodies of revolution taken from Belotserkovskii’s 
latest paper.6 The bodies which were considered 
were an ellipsoid of revolution, a sphere, and a 
cylinder with its flat face normal to the stream. 
In Fig. 8 are shown the pressure distributions on 
these bodies obtained from calculations where the 
shock layer was divided into two strips. The con- 
vergence of the calculations is illustrated in Fig. 9 
where the shock shape for flow past a sphere at M.. = 
| is shown in the case where the layer was taken as a 
single strip and as two strips. Also shown are the 
limiting characteristics and the sonic line. On this 
figure are presented experimental data obtained by 
V. I. Shul’gin. Certainly, the results of these cal- 
culations are impressive. In Fig. 10, the standoff 
distance of the shock wave at the stagnation point 
for ellipsoids of revolution are plotted as a function 
of Mach number. Here, the relatively large varia- 
tion in standoff distance between the different 
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bodies indicates that care must be exercised before 
using a unique relationship for the standoff distance 
which is supposedly valid for all blunt bodies. It is 
reasonable to assume that corresponding calcula- 
tions have been carried out for real gas flows, since 
the extension of the programs to such problems is 
relatively simple. 

Another application of this integral relations 
method to problems of interest in hypersonic flow 
has been made by Chushkin and Shchennikov."” 
[hese authors also considered the problem of the 
right circular cone at angle of attack and the elliptic 
cone at zero angle of attack, although they re- 
stricted their analysis to subsonic cross-flow veloc- 
ities. In order to check out the accuracy of the 
calculations, they compared their results for the 
unyawed cone with exact calculations. For N = 2 
the agreement was excellent. Unfortunately, how- 
ever, their calculations for the angle of attack case 
and the elliptic cone were only carried out for NV = 1. 
The results are, nevertheless, quite good when 
compared with experiment (M. = 3.53 and a = 5° 
for an unyawed 20° cone, and M, = 
elliptic cone). 


6 for the 
It is expected, however, that with 
larger values of N, the solutions will then be ap- 
plicable for corresponding larger angles of attack. 
The application of the integral relations method to 
this problem again illustrates the versatility of the 
technique. 


2. Method of Characteristics 


Inasmuch as the method of characteristics is well 
known in gasdynamics and since adequate de- 
scriptions of it are available in most texts on the 
subject, we shall not go into its details here. Ina 
recent paper by Chushkin,’ he has modified the 
usual form of the characteristic equations in a 
manner which leads to relatively simple finite dif- 
ference equations and to a considerable saving in 
machine time. In the usual applications of this 
method the dependent variables employed are the 
Mach angle yu, the entropy S, and the flow inclina- 
tion angle @, with x and y as the independent vari- 
ables. Based partly on a scheme of Ehlers®*® used 
for isentropic flows, Chyshkin replaces the inde- 
pendent variables by B = cot a = VM? — | Pa 
and ¢ = tan @. As noted previously, the resulting 
equations with which he deals are then greatly 
simplified. 

Some results of his calculations for flows past 
blunted cones with hemispherical noses are shown 
in Figs. 11 and 12. Fig. 11 shows the pressure dis- 
tributions (made dimensionless with respect to the 
stagnation pressure) for several Mach numbers on 
a 20° half-angle blunted cone. The inputs used for 
the characteristics calculations in the supersonic 
region along a radial line R were obtained from the 
results of Belotserkovskii’s calculations just dis- 
cussed. As can be seen, the characteristic over- 


expansion occurs and the pressure on an appreciable 
part of the body is below that which would be ob- 
tained on the corresponding sharp-nosed cone. In 
Fig. 12 the drag coefficient on various half-angle 
cones at M., = 6 is plotted as a function of the axial 
distance along the cone. Here the point 0 is simply 
the stagnation point, the point A is the boundary 
of the region of influence of the nose, and the points 
Bo, Bo, and By are the intersection points of the 
hemisphere with the cone. The case of 6 = (0° 
simply represents a blunt-nosed cylinder. It can 
be seen from these results that the drag coefficient 
quickly approaches that of the cone within very 
few nose radii downstream. It would be of interest 
to see whether one does, in fact, get a slight decrease 
in the overall drag coefficient below the sharp nosed 
cone value for the conditions corresponding to 
those given by Chernyi for the slightly blunted 
slender cone. 


Conclusions 


This review makes evident both the high-caliber 
work and the effort in the Soviet Union to solve 
even very 
problems. 


complicated hypersonic aerodynamic 
It is recognized, of course, that this 
paper, by its nature as a review, may tend to over- 
emphasize the unity of approach in solving inviscid 
hypersonic problems. Nevertheless, it does indicate 
that many engineers and scientists in Russia still 
consider it both practical and necessary to fly hyper- 
sonically through a medium in which electric and 
magnetic fields are not the dominant feature, and 
where the classical problem of high aerodynamic 
performance is paramount. 
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Heat Conversion to Electricity 


(Continued from page 15) 


temperature will leave as a cesium ion because the 
normal work-function of clean tungsten is well 
above the ionization potential of the cesium atom. 
This high efficiency of ionization falls rapidly if the 
work-function of the heated surface is less than the 
ionization potential. In spite of this fact, a sufficient 
number of ions can be produced by a tungsten surface 
of lowered work-function to neutralize the space 
charge associated with the desired high electron 
current density. This excess ionization therefore 
functions to create a very localized region of positive 
ion space charge at the immediate surface of the 
emitter. 


Electron Transport 


In order to discuss electron transport from the 
emitter to the collector, it is necessary to introduce 
the concept of the ‘‘motive diagram’’ for a diode. 
Consider first the diagram appropriate to the 
vacuum diode (Fig. 2), and note the meaning of the 
true work-function of a surface. The interpretation 
of the phenomenon of electrical conduction in 
metals depends on the concept derived from the 
physics of solid substances that there are electronic 
quantum levels occupied by the valence electrons 
associated with the atoms composing the structure. 
All of the low-energy quantum states in this struc- 
ture are occupied, and most of the high-energy 
quantum states are not. An intermediate quantum 
state can always be found which has a probability 
of occupancy of exactly 50 percent. It is this quan- 
tum state that defines the ‘‘Fermi level’ associated 
with this conductor. All are familiar with the fact 
that the application of a difference in potential as 
indicated on a voltmeter will cause a current to 
flow through a conductor, and yet they may not 
realize that the applied voltage just indicated is a 
direct measure of the difference in energy on a 
potential scale of the Fermi level at the voltmeter 
contact points. 

It is therefore important in the understanding of a 
motive diagram that the difference in level indicated 
by the arrow V is the voltage which would appear as 
an JR drop over a load resistance connected to a 
vacuum diode (Fig. 2). Electrons are prevented 
from flowing freely out of the emitter into the 
evacuated space by the potential barrier at the 
surface represented in the diagram by the arrow 4). 
It is this potential difference between the Fermi 
level of the emitter and its surface potential that is 
the correct definition of the true work-function of an 
emitter. By the same definition, ¢. is the true 
work-function of the collector. If the emitter is at 
a sufficiently high temperature so that in spite of 
the barrier ¢; electrons are emitted into the evacuated 
space, the high-energy ones that occupy levels in 
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the diagram below ¢,, can shoot across the evacuated 
space in spite of the presence of the space charg: 
Electrons in 
energy levels between ¢, and ¢,, are emitted into thx 
vacuum space, but are all returned to the emitte1 
and therefore do not contribute to the current oi 
electrons transmitted. 


minimum shown in the diagram. 


By bringing the collector 
closer and closer to the emitter and maintaining its 
surface potential as shown to be V + ¢o negative 
with respect to the emitter Fermi level, it is theo 
retically possible to deliver practically all of the 
thermionic emission to the collector without its being 
retarded by the space charge minimum shown. 

If cesium is admitted to the diode, and ionization 
takes place at the heated surface of the emitter 
some of these ions will be trapped in the space 
When a 


sufficient number are there to neutralize the space 


charge minimum of the motive diagram. 


charge exactly, then the diagram takes on the ap 
pearance of Fig. 3. This condition does not happen 
to be stable because the slightest excess of positive 
ions will result in a reduction in the space charge of 
the electrons since they will then become injected 
A still 
greater production will result in a strong ion space 
charge sheath (Fig. 4). 


with increased velocity into the diode space. 


The drop in potential 
over this sheath is indicated to be V,, and it takes 
place over a space shown to be S;._ In general, this 
space is smaller than a mean free path, and therefore 
electrons which have sufficient energy to cross over 
the surface barrier at s; will be injected into the 
space. The fact that no curvature shows in the 
motive line between the boundary of the emitter 
sheath and the boundary of the collector sheath at 
S. is an indication that the space is free of net 
charge—that is, there are just as many positive 
charges per unit volume as there are negative 
charges. The electrons have such a high velocity 
in their normal motion that a very small accelerating 
field can result in a rather large drift current. After 
injection at V,, the electron energy tends to be ran 
domized and often takes on a distribution energy 
of the type referred to in the expression ‘Max 
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Figs. 2--5. Motive diagrams for diode. 
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wellian distribution”’ of high temperature. Measured 
in terms of the electron energy distribution, this 
temperature may be in excess of 5,000°K in spite of 
the fact that the electrons themselves actually were 
emitted from a surface at only 2,000°K. This ap- 
parent anomaly is an indication that they have 
been injected through a space charge emitter sheath 
and that they do not have a true temperature in 
the sense that they are in temperature equilibrium 
with the cesium atoms. It simply indicates that, 
with this new distribution in energy, the average 
energy is still comparable with V,. At the surface 
of the collector, the higher energy electrons can 
surmount the shown to be V, 
and pass over the surface potential of the collector 
at so. A detailed examination of this flow of elec- 
tricity in at the emitter and out at the collector 
permits one to explain by this model the observed 
voltage current curves found in practical diodes. 

The final figure in this series (Fig. 5) shows that, 
as the applied voltage V is increased in the negative 
direction, a condition occurs which is identified as 
the ‘“‘open-circuit’”’ voltage V,,.. Note that as this 
applied voltage has increased in this direction, 
most of the change has taken place in the collector 
sheath and only a very small decrease is observed 
in the emitter sheath. This is called open-circuit 
voltage because, by increasing the value of V,, 
the electron arrival rate for those electrons that can 
surmount the surface barrier at s. becomes equal 
to the ion arrival rate of those positive ions swept 
out of the plasma region across the boundary at se. 

Thus a balance of the arrival of positive and 
negative electricity gives zero current, 
definition this is the open-circuit condition. 


collector sheath 


and by 


Experimental Voltage Current Curves 


Fig. 6 serves to illustrate in a rather dramatic 
manner the shiftover associated with the change 
from the motive diagram of Fig. 2 to that of Fig. 3 
or Fig. 4. The lower part (Fig. 6) shows the power 
output from a laboratory diode plotted as a function 
of the voltage output. Note that the power at 
iaximum is only 0.6 mw/cm?. The introduction of 
cesium at a very moderate pressure, however, re- 
sulted in a delivery of 10 times the former electron 
current with no change in the temperature of the 
emitter and practically no change in the output 
voltage. This power of 6 mw/cm? is not at all 
typical of the yield obtainable with a diode operating 
at a higher temperature and a higher cesium pressure. 
A thousand times this output has been achieved 
already. 

An observed voltage current curve associated 
with a moderate cesium pressure and emitter tem- 
perature is shown in Fig. 7. The open-circuit volt- 
age is identified at about 4.3 volts and is the cross- 
over from positive current to negative current; it 
therefore corresponds to the aforementioned balance 
of currents. As the surface potential of the collector 


Fig. 6 (left). Observed 
and calculated power den- 
cesium) | sity. (X = vacuum diode; 
el O = plasma diode; ©, @ 
= theory.) Data from Rob- 
inson of TEE. Fig. 7 (above). 


is made more and more positive than this, more and 
more electron current can come to the collector, 
until finally, when the surface potential of the collec- 
tor practically coincides with that of the emitter, the 
drift current saturates and there is no longer an 
appreciable increase in circuit current. In this 
example, maximum power will occur at approxi- 
mately 2.5 volts output with a current value of 
about 2.5 amp. Under these experimental con- 
ditions, this curve is relatively easy to analyze (Fig. 
8). Here an attempt has been made to separate 
the electron current arriving at the collector from 
the ion currents arriving there, and the solid line 
with circles is the plot of a logarithm of the current 
as a function of the voltage. The fact that this 
plot closely follows a straight line permits one to com- 
pute the effective electron temperature to be 4,800°. 
That this temperature is over twice that of the 
cathode is illustrated by the fact that a temperature 
of 2,370° would have fallen as shown on the dot-dash 
line. Clearly, this difference is well beyond experi- 
mental error, and it is on the basis of this difference 
that one supports the concept that electrons are 
injected across an emitter sheath, as was discussed 
in connection with the motive diagram of Fig. 4. 

At higher cesium temperatures the observed 
curves are less easily analyzed, and yet it has been 
possible to carry through an interpretive theory 
which supports the general nature of the motive 
diagrams presented here as typical of plasma diode 
operation. 

The three important design parameters are the 
emitter temperature, the cesium condensation tem- 
perature, and the spacing. One might also add the 
emitter material and its crystallographic orientation. 
As of the present, important experiments are being 
undertaken and others planned which will help the 
designer choose favorable values of these parameters 
to give plasma diode converters of high efficiency 
and high power density. Suggestive of these pos- 
sibilities are the curves of Fig. 9. These are not 
experimental curves, since they depend on an ex- 
trapolation based on the fundamental researches of 
Taylor and Langmuir.! The cesium and emitter 
temperatures used by them were far lower than those 
covered by this figure. Therefore, no great accuracy 
can be claimed for the figure although it is our belief 
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that emitter properties indicated here are realizable. 
Specifically, this chart indicates that a tungsten 
surface operated at 2,100°K in cesium vapor charac- 
terized by a condensation temperature of 580°K 
will yield a current density of 10 amp/cm?, and the 
fact that this intersection point lies well to the 
right of the dotted line indicates that, in spite of the 
evaluation of the emitter work-function as being 
close to 3.25 volts, more than enough ionization will 
take place for complete neutralization of space 
charge. The indication, then, is that the entire 
upper right-hand part of the figure associated with 
such temperatures as 600°K for cesium and 2,200°K 
for tungsten represents the working area for diodes 
of high power density and very acceptable efficiency. 


Ideal Converter 


It was indicated in the previous sections that the 
presence of cesium in the space between emitter and 
collector can perform two functions—namely, the 
space charge neutralization and the reduction of the 
work-function of both the emitter and the collector. 
Let us now analyze the performance of a cesium- 
filled thermionic converter and arrive at the values 
of the parameters, such as cesium pressure, inter- 
electrode spacing, collector temperature, and output 
voltage for a converter operating at maximum 
efficiency and consisting of tungsten electrodes 
operating at a fixed emitter temperature 7’,. 

A converter operating at fixed electrode tempera- 
tures, work-functions, and output voltage will attain 
its maximum efficiency in the absence of electron 
space charge and of collisions between electrons and 
cesium atoms or ions. We shall refer to this con- 
dition of operation as the ideal mode of operation. 
Complete space charge neutralization is achieved 
when the ratio of the ion current to the electron cur- 
rent equals the square root of the ratio of the mass 
of the electron to the mass of the cesium ion. This 
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number is numerically equal to 1/500. On the other 
hand, the number of collisions between the electrons 
and the cesium atoms or ions is determined by the 
ratio of the interelectrode spacing w to the mean 
free path \ of the electrons. In practice, in order to 
attain the ideal mode of operation we must provide 
a cesium pressure sufficiently high to result in an 
ion current greater than 1/500 of the electron 
current, and an interelectrode spacing sufficiently 
small so that collisions are not important. 

In the ideal mode of operation, the output current 
would be given by the expression 


Po + V)/RT 2 
I = 120 amp/em? (2) 


where @¢¢ is the collector work-function and V the 
output voltage. Eq. (2) is valid provided that the 
emitter work-function @, is less than the sum (¢@¢ + 
|’) and the collector is at a sufficiently low tempera- 
ture so that back emission can be neglected. It can 
easily be shown that for fixed values of ¢¢ and V, 
a greater efficiency is attained under this condition 
than under the condition ¢@g > @c + V. The 
corresponding value of the thermal efficiency is 
given by the expression 


IV 
I(¢e + V + 2kTx) +O 


where /(¢¢ + 2kT x) is the heat necessary for emission 
of current J, and Q is the sum of the heat losses by 
radiation between the electrodes, by conduction 
through the output leads and the supporting struc- 
ture, and by conduction through the cesium vapor. 
By substituting Eq. (2) into (3), we may express 
the efficiency in terms of the output voltage V for 
given values of the collector work-function, the 
emitter temperature, and the heat losses. It can 


n (3) 


easily be seen that this expression will yield zero 
value for the efficiency for values of the output 
voltage of either zero or infinity. It is evident, 
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therefore, that the efficiency will reach a maximum 
for a specific value of output voltage between zero 
and infinity. By differentiating the efficiency with 
respect to V and setting it equal to zero, we find that 
the output voltage at maximum efficiency must 
satisfy the relation 


120 T xe (q?c/kT) (dc + 2kT x) 
Q 


For given emitter temperature and heat losses, 
the value of the maximum efficiency given in Eq. (4) 
would be greater the smaller the collector work- 
function. The minimum value of the collector 
work-function that can be obtained with cesium on 
a tungsten collector, according to Langmuir and 
Taylor data, equals 1.69 volts. Thus we may obtain 
V and J for maximum efficiency as functions of 7 
and Q. For example, for an emitter temperature 
of 1,900°K and a realistic value for the heat losses 
of 30 watts/cm?’, we find by applying the foregoing 
analysis 

I = 65.8 amp/cm? 

V = 0.88 volt 
IV = 57.9 watts/cm? 
= 26.2 percent 


I 


These specifications can be attained with any value 
of the emitter work-function lower than the sum 
(¢¢ + V) which in the example just given equals 
2.57. However, it is advantageous to have an 
emitter work-function of value equal to (¢?¢ + V), 
for, the greater the value of the emitter work-func- 
tion, the greater is the ionization probability of the 
cesium atoms and, therefore, the smaller is the re- 
quired cesium pressure. Having the emitter work- 
function fixed, the minimum arrival rate for atoms 
[, required for full space charge neutralization can 
be computed by the relation 


I, = I+/P, = 1/500 P; 
where P; is the probability of ionization o: cesium 
atoms given by the Saha-Langmuir equation 


P = 
1 + 2¢% 
The minimum cesium pressure can now be ob- 
tained from the value of J, by means of simple 
kinetic theory of perfect gases. 


Departures From Ideality 


The assumption that the collisions in the inter- 
electrode spacing can be neglected will not be valid 
when the pressure of the cesium is increased to such 


an extent that the cesium mean free path becomes 
much smaller than the interelectrode spacing. High 
cesium pressure operation is advantageous in prac- 
tice, especially when the cesium is used not only to 
neutralize the electron space charge, but also to 
reduce its work-function. For example, in the case 
of a tungsten emitter, the work-function of the bare 
material is 4.52 e.v. and the emission current in the 
temperature range of 1,900-2,200°K is only 0.5 to 
26 milliamp/cm?. By increasing the cesium pressure 
to approximately l-mm Hg, the tungsten surface 
becomes partially covered with cesium atoms and 
its work-function is reduced so that emission currents 
of the order of 10 to 20 amp/cm? in the above range 
of emitter temperatures can be achieved. 

At the cesium pressures mentioned previously, a 
practical interelectrode spacing (5 to 10 mils) 
contains a large number of electron mean free paths, 
and therefore the effect of collisions on the operation 
of the converter becomes important. The voltage- 
current characteristic corresponding to these con- 
ditions is entirely different from what is observed 
when the collisions are negligible. Such an ex- 
perimental characteristic is shown in Fig. 10, where 
the log of the current is plotted vs. the voltage 
output. This figure shows that, as the voltage is 
decreased, the current tends asymptotically to the 
saturation current of the emitter. It shows also 
that at any given voltage the current is considerably 
less than it would be for the collision-free case, with 
the same value of saturation current (shown by the 
dashed line of Fig. 10). This effect is due to the 
fact that many electrons colliding with cesium atoms 
are reflected and return to the emitter. 

From a sheath type of analysis of the motive 
diagram (Fig. 4), it can be shown that, at a current 
output approximately equal to half the saturation 
current, the corresponding voltage is equal to the 
difference in work-functions of emitter and collector. 
At that point of the J-V curve, the magnitudes of 
the sheaths at the emitter and the collector are 
equal (Fig. 4). Furthermore, the power output is 
half the power obtained from a collision-free model, 
with the same saturation current. The efficiency 
at the previous point of operation is less than the 
ideal efficiency n and is given by 


n = + n(Q/P) |] 


where Q represents all the heat losses except the 
electron cooling and P the power output of the ideal 
case Both refer to unit area of the emitter. 


Reference 


1 Taylor, J. B., and Langmuir, I., The Evaporation of Atoms, 
Ions and Electrons from Caesium Films on Tungsten, The 
Physical Review, Vol. 44, Sept. 15, 1933. 


July 1961 + Aerospace Engineering 


85 


+ 


86 


V/STOL Flying Qualities 


(Continued from page 23) 


to conventional flight and vice versa, with the real- 
istic changes in aircraft flying qualities. 


Use of Stationary Simulator 


A survey of the published flight simulator test 
results and literature on the use of simulators'~* 
indicates that a stationary simulator providing the 
appropriate visual and audio cues is entirely suitable 
for this study, which is concerned with the simula- 
tion of low-frequency motion resulting in low values 
of linear acceleration. 

While the simulation did not include the high 
level of vibration, random partial stall, erratic 
control behavior, buffeting, etc., characterized in 
various degrees by the present V/STOL test beds, 
the alleviation of these effects on operational 
V/STOL aircraft will be required and is a separate 
problem not suitable for consideration in a general 
study of this nature. 


Pilot Background 


Of the eight pilots participating in the evaluation, 
two were current helicopter pilots and the remaining 
were conventional aircraft pilots. The minimum 
flight time for any of them was 1,500 hours; the 
average flight time 3,500 hours. All of the pilots 
had service backgrounds, and five had engineering 
degrees. 

It is significant that there were no discernible 
shifts in the level of ratings given by the helicopter 
pilots and the conventional aircraft pilots. 


Test Procedure 


Each pilot was initially given a minimum of 2 
hours of indoctrination and familiarization flying 
which consisted of vertical take-offs, hovering, transi- 
tions, and vertical landings. Only after both the 
pilot and the test engineer were satisfied that the 
pilot had become accustomed to the simulator and 
its display, and was reasonably proficient in flying 
a V/STOL aircraft, did the evaluation flights begin. 

The eight pilots participating in the program 
evaluated a total of 220 combinations of dynamic 
stability and control characteristics. Each set of 
characteristics was evaluated by at least five of the 
pilots in order to obtain an “‘average’’ rating which 
would be representative of the group. 

The evaluations of the dynamic stability and 
control characteristics were conducted primarily 
in hovering flight. The results from the hovering 
flight evaluations were then verified at discrete 
speeds during transition and in continuous transi- 
tions. 

The pilots rated the lateral and longitudinal 
modes by evaluating the: dynamic and control 
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characteristics separately in still air and ther 
giving an overall rating of the configuration i1 
slightly turbulent air (rms gust velocity of 5 fps 
The altitude and directional modes were evaluate: 
in the same manner, except that the overall ratin; 
was done in still air. 

During the evaluation of a particular mode, th« 
other modes were well damped to allow the pilots 
to better isolate the characteristics which wer 
intended to be evaluated. However, the ‘“‘un 
flyable’’ boundaries were finally checked with th« 
characteristics of the lateral, longitudinal, and 


Ms=5, 10, 20, 40 DEG/SEC®/IN 
2 < 161/lul < 10 DEG/FT/SEC 
1.0 < -A< 5.0/SEC 


w ~ RAD/SEC 
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Fig. 3. Longitudinal stability and control parameters evaluated in 
hovering flight. 


directional modes all located on the unflyable 
boundaries. 

The characteristics of the mode being evaluated 
were varied in a random manner, and the pilots 
were not informed of the specific parameter changes 
for the various runs. 

Che pilots rated the stability and control charac 
teristics by the standard 10-point Cooper rating 
system which is widely used (NASA, Cornell Aero- 
nautical Laboratory, etc.) in flying qualities evalua 
tions 


Longitudinal Stability and Control 


The dynamics of the longitudinal motion of an 
aircraft in hovering flight are normally determined 
from the following characteristic equation: 


+ (—X, M,)s* + (X,M, 


M,g/573 = 0 


of 
$00.8 
9,6 
a4 
| 


For the usual case of an aircraft having positive 
speed stability, the solution of this cubic results in 
a pair of complex roots fw, + jw and a large negative 
real root X. 
between the dynamic characteristics and the aero- 


In order to show the relationship 


dynamic parameters, the cubic is rewritten in terms 
of the roots as follows. 


+ (2fa, — A)sS? + (Wa? — + 
(—w,"A) = 0 


By definition, the coefficients of the two cubics 
must be equal—.e., 


oto, = M, 
A Wud = X,M, — X,M, 


= M,g/57.3 


Since the damping of the oscillatory mode is norm- 
ally much less than the damping of the aperiodic 
mode—t.e., \ >> fw, 
can be made showing the explicit relationships 


the following approximations 


between the dynamic characteristics and the aero- 
dynamic parameters: 


= -X,-— M, 
Wy? = (M,g/57.3)/(—X, — M,) 
— M,2/57.3 
— 


(—X, — M,) (—X, — M,)? 
These relationships indicate that the dynamic 
characteristics in general, and the damping of the 
oscillatory mode in particular, are not expressible 
in terms of a single aerodynamic parameter as is 
implied in references 4 and 5. While it is obvious 
that for an aircraft having a given value of M, and 
X, the pilot opinion of the flying qualities will be 
influenced by changes in M,, it is misleading to 
suggest that this is the universal parameter in- 
fluencing the pilot opinion of the dynamic charac- 
teristics, and to present criteria for universal usage 
solely in terms of /, with no qualifications as to 
(It should be 
noted, however, that the specification of the rate 


the applicable ranges of X, and M,. 


damping for acceptable helicopter dynamic charac- 
teristics may be sufficient because of configuration 
similarities which result in limited ranges and/or 
the relatively fixed relationships of the various 
parameters. ) 

Therefore, because the pilot is able to sense only 
the dynamic characteristics—i.e., displacements, 
rates, accelerations, damping, and frequencies— 
that are not simply expressed in terms of the aero- 
dynamic parameters for the longitudinal mode, 
the approach in this study was to determine the 
basic dynamic parameters influencing pilot opinion 
and then define the acceptance regions in terms of 
In order to accomplish this, the 
damping of the aperiodic motion was varied for 
constant oscillatory characteristics and the oscilla- 
tory characteristics were evaluated for constant 


these parameters. 
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Fig. 4. Variation of pilot rating with longitudinal damping. 


levels of damping of the aperiodic mode. Also 
determined was the influence on pilot opinion of 
the pitch excitation parameter |6|/|u|, which is 
directly analogous to the Dutch-roll excitation 


parameter |@¢|/|v|, and interrelates the aperiodic 


and oscillatory characteristics as indicated in the 
following expression : 


| 0) 57.3/g 
| (1 + 


It was established early in the study that the 
pilots were primarily influenced by the oscillatory 
characteristics and that both the aperiodic motion 
for ranges of X from —1.0 to —5.0/sec and the 
pitch excitation parameter ranging from 2 to 10 
deg/ft/sec could be neglected as factors influencing 
the pilot ratings. The lack of influence of the well- 
damped aperiodic motion was expected since pilots 
generally would not be aware of its existence be- 
cause their attention is drawn to the more pre- 
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Fig. 6. Lateral stability and control parameters evaluated in hovering 
flight. 


dominant oscillatory motion. Pilot insensitivity 
to the pitch excitation parameter | |u| was 
not expected, but was attributed to inability to 
excite a motion during which the | 6} /| x| 
evaluated. This equivalent to trying to 
evaluate the Dutch-roll characteristics without any 
rudder effectiveness or aileron yaw input for excita- 
tion. 


could be 
was 


The range of oscillatory characteristics and pitch 
control sensitivities, which was chosen to cover 
characteristics of existing V/STOL 
aircraft and helicopters, is indicated in Fig. 3. 

From the evaluation of this range of longitudinal 


characteristics, it was established by use of the 


the known 


Rank correlation method® that pilot rating is de 
pendent on the damping expressed in terms of time 
e.g., Zi, rather than the frequency-dependent 
cyclic damping parameter C\,2. The Rank correla 
tion coefficient p for 7\,. was 0.95 compared to 
0.78 for Ci (p = +1.0 is perfect correlation; p = 0 
is no correlation). 

The variation of pilot rating with 1/7\,/2 for the 
various levels of control sensitivity are shown in 
Fig. 4. From these plots, the 
“unflyable”’ 


“satisfactory” and 

obtained by cross 

plotting the stability and control characteristics 


boundaries are 


rated 3.5 and 6.5, respectively. 
(Fig 


These boundaries 
5) indicate that, at the optimum longitudinal 
control sensitivity of approximately 20°/sec?/in., 
the maximum divergence which the pilot considers 
flyable is 1/71, = —0.35/sec—i.e., Tz = 3 sec 
and the minimum 


convergence for satisfactory 


characteristics is 1/71;2 = 0.2/sec—.e., T1;2 = 5 sec. 


Lateral Stability and Control 


[he lateral motion of a hovering aircraft with 
positive dihedral effect (negative L,) has a charac- 
teristic cubic with roots of the same form as the 
longitudinal motion—1.e., two complex roots indicat- 
ing an oscillatory mode and a relatively large nega- 
tive real root indicating the well-damped aperiodic 
mode. Therefore, the evaluation of the lateral 
characteristics was approached in the same manner 
as that discussed in the section on the longitudinal 
evaluation. 

Che influence of the damping of the aperiodic 
motion for ranges of \ from —1.5 to —5.0/sec, and 


the Dutch-roll excitation parameter | ¢| ly 


|v| ranging 
from 1.0 to 10, were determined to be negligible. 
Because of the absence of the coupling between the 
directional and lateral modes in hovering flight, the 
Dutch-roll excited with the 
rudder pedals and the pilots were unable to evaluate 


the influence of the ‘|v 


mode could not be 


parameter, which is a 


= ACCEPTABLE 3.5-6.5 
0.4-0.20 0.20.4 -0.4-0.20 0.20.4 
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proved factor influencing pilot opinion in conven- 
tional) flight. 

lhe lateral control yawing moment was zero for 
the lateral evaluation. However, the effect of 
various levels of the lateral control cross coupling 
was evaluated and is discussed later. 

Che range of the lateral oscillatory characteristics 
evaluated by the pilots for various levels of lateral 
control sensitivities is indicated in Fig. 6. The 
variation of pilot rating with 1/7\,2 for constant 
levels of control sensitivity is shown in Fig. 7, with 
the resulting boundaries shown in Fig. 8. 

In comparing these acceptance boundaries with 
the boundaries for the longitudinal characteristics 
(Fig. 5), it is significant to note that the damping 
required for ‘“‘satisfactory’ lateral characteristics 
is generally higher than the level of damping re- 
quired for ‘‘satisfactory”’ longitudinal characteristics, 
and that the amount of dynamic instability con- 
sidered ‘‘acceptable”’ is higher laterally than longi- 
tudinally. Both these differences may be attributed 
to the pilot’s greater sensitivity to bank attitude 
than pitch attitude—that is, for a satisfactory 
configuration, the pilots desire more lateral than 
longitudinal damping because the lateral motion 
is more noticeable. However, for controlling the 
instability, the pilots react quicker to bank angle 
changes and therefore can tolerate more instability. 


Directional Stability and Control 


For a hovering aircraft, the directional mode of 
motion is normally aperiodic and is represented by 
a first-order equation having a time constant equal 
to —1 

The range of directional stability and control 
character‘stics evaluated by the pilots is shown in 
Fig.9 Fig. 10 shows the variation of pilot opinion 
with directional damping for various levels of 
directional control sensitivity, and Fig. 11 presents 
the resulting acceptance boundaries. Note that 
the satisfactory region for N; larger than 10° /sec?/in. 
is bounded on the bottom by a constant rate line 
of 5°/sec/in., and on the top by a constant rate 
line of 35°/sec/in. In the same manner, the 
minimum rate considered acceptable is 3°/sec/in. 
and the maximum rate is 200°/sec/in. 


Altitude Stability and Control 


The ranges of control sensitivity for both the 
quadrant-mounted and floor-mounted collective 
pitch control and the altitude time constant —1/Z,, 
are shown in Fig. 12. In order to ensure that pilot 
opinion of the altitude control characteristics was 
not influenced by variations of the maximum 
thrust to weight ratio, the maximum control power 
was limited to give a 16 ft/sec? climb acceleration. 
However, during this evaluation, the maximum 
acceleration utilized by the pilots was 6 to 8 ft/sec?. 

he variation of pilot rating with vertical damping 
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Fig. 8. Acceptance boundaries for lateral characteristics. 


is shown on Figs. 13 and 14 for various sensitivity 
levels of the floor-mounted and quadrant-mounted 
controls, respectively. The resulting acceptance 
boundaries are presented in Figs. 15 and 16. Al- 
though the satisfactory region for the quadrant 
control is slightly more confined than for the floor 
control, no significant differences between the 
requirements for the two controls are indicated. 


Augmentation Failures 


Augmentation failures were simulated for a 
hovering aircraft having ‘“‘augmentation on”’ stability 
characteristics on the minimum satisfactory bound- 
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Fig. 9. Directional stability and control parameters evaluated in 
hovering flight. 


July 1961 + Aerospace Engineering 


—| 
| 
89 


90 


SATISFACTORY 1-3.5 


ACCEPTABLE 3.5-6.5 UNFLYABLE 6.5-10 


TT 8 | 
‘ \ sEC?/IN Ns = 20 
4 A 4 4 = 
4 
Fig. 10. Variation of pilot rating with direc- O2051 24 68 O2051 24 6 05 Ie 
tional damping. 8 8 
| 
6 6 6 t 
< 
- 4 4 4 
° e Ny = 160 deG/sec®in 
1 2 4 02 US 2 4 G2 035 1 2 4 
SEC -1/N, ~ SEC -1/N.~ SEC 


ary at a control sensitivity level of 20°/sec?/in. 
about all Augmentation was failed simul- 
taneously about all axes, reducing the stability 
characteristics to the minimum acceptable level 
(pilot rating = 6.5). The average pilot rating for 
the simultaneous failure about the three axes was 
6.7. This would indicate a slight lack of con- 
servatism in the unflyable boundaries defined in 
this study for an aircraft having stability charac- 
teristics about all three axes which are near the 
unflyable boundary. 


axes. 


Transition Evaluation 


The of the evaluations conducted at 
discrete transition speeds and in continuous transi- 
tions incicate that the criteria derived from the 
hovering evaluations are applicable up to the speed 
at which the control of the normal load factor shifts 
from the thrust controls (either collective pitch or 
throttle) to the longitudinal stick. Above this 
speed the appropriate flying qualities requirements 
for conventional aircraft are applicable. 

Also evaluated during transition flight were the 
three variations with speed of longitudinal stick 
position required for static trim (Fig. 17). All 
three configurations had identical levels of speed 
stability. The difference in the trim position was 
dependent on the pitching moment variation with 
wing incidence. The pilots preferred the forward 
trim positions (pilot rating of 3.2 and 3.4) to the 
alt position (pilot rating of 6.7) mainly because 
there was a feeling of insufficient aft stick control 
available at the speed where the normal load factor 
control shifted from the collective pitch control to 
the longitudinal stick. There appeared to be no 
particular preference for forward or aft control 
gradients as long as the aft gradient with speed 
resulted from a configuration change—e.g., bringing 
wing down or flaps up—and not from speed in- 
stability. 


results 
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Lateral Control Cross Coupling 


The effect on pilot opinion of the lateral control 
cross coupling into the directional mode was eval- 
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Fig. 15. Acceptance boundaries for altitude control located on floor. 


uated for ratios of yaw to roll acceleration of +0.235, 
—0.25, and —0.50 (Fig. 18). The evaluation was 
conducted primarily with the rudder pedals fixed 


and with a directional time constant (—1/N,) 
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equal to 2.0. The results of this evaluation indicate and transition regimes up to the speed at which the Prin 
the approximate shift in the lateral control ac- normal load factor control shifts from the thrust 
ceptance boundaries required for a given value of control to the longitudinal stick. Con 
lateral control cross coupling. 
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Primary Structure Sandwich 
Construction (Continued from page 25) 


variations of these cores are available, all designed 
to perform a specific function. For example, to 
produce sharp contours, cores of the basic honey- 
comb shape, but with corrugated flutes, are available. 

[he honeycomb and the truss core will be utilized 
in the designs detailed herein, since they represent 
simple configurations of the two expanded core 
types. 

Cores also may be classified according to their 
properties in the XZ and YZ planes (Fig. 2). For 
example, honeycomb is considered to be 
slightly orthotropic with respect to shear since the 
ratio of shear rigidities in these two planes is ap 
proximately 2'/, to 1. But truss core is highly 
orthotropic having a rigidity ratio of approximately 
20 to 1. Thus, orientation of the core in the sand- 
wich can have effect on sandwich strength properties. 


core 


In honeycomb sandwich, the face sheets carry 
in-plane tensile and compressive loads. 
neither of but stabilizes the face 
sheets and builds up the sandwich section. In the 
truss core sandwich, the core is capable of carrying 
axial load in the direction of the core convolutions as 
well as performing its basic function of building up 
the sandwich section and stabilizing the face sheets. 


The core 


carriers these 


Manufacturing 


A major objection to the use of sandwich con- 
struction is its high cost, for which slow production 
processes are, to a large extent, responsible. 

Production of many core configurations has been 
developed to a high-speed process. Of the two 
core types, the truss core seems better adapted to 
production, although time and experience have 
shown production of honeycomb to be reliable 
and quick. 

Bonding of core to face sheets contributes most to 
the cost because of the small dimensional variations 
allowed. The bonding processes, in general use, 
utilize adhesives, brazing, or resistance welding. 
Adhesive bonding is the least expensive and the 
most highly developed but when high temperature 
or environment dictate, brazing or, in a stricter 
environment, resistance welding must be used. 


\dhesive systems, in general use, display reduced 


strength at high temperature and brittle behavior 
at low temperature (encountered with cryogenic 
propellants). At present, many companies are 
engaged in developing a good high-temperature 
adhesive system. 

Tolerance 
stringent; thus, this process is very expensive. 
And, although attempts at applying resistance 
welding to cellular-type core also were expensive, a 
resistance welding process for truss core sandwich 
has given indication of being highly competitive 
with conventional structures on a cost basis. The 
process, which assumes mass-production capability, 
feeds face sheets and core into a bank of resistance 
welders which continuously produces completed 
sandwich. Supposedly, production rates of 20 ft 
min are possible. 


requirements for brazing are very 


Honeycomb core tends to assume a saddle shape 
when formed on a cylindrical mandrel. Special 
core forms are available which strongly reduce this 
anticlastic action but no recourse to these should be 
necessary for the radius of curvature encountered 
in large missile bodies. And, of course, the truss 
core is readily adaptable to the cylindrical form. 

There has been some investigation of forming flat 
sandwich panels into curved shapes in much the 
same manner as flat homogeneous sheet would be 
formed. North American Aviation investigated 
bending a sample steel truss core sandwich about an 
axis parallel to the plane of the facings and normal 
to the weld rows. The °/3:-in. thick sandwich was 
curved to an approximate radius of 20 in. with little 
permanent curvature. Further curving was limited 
by compressive buckling of the inner facing. Some 
work in forming composite steel honeycomb panels 
on a stretch press produced material failures. In 
general, the formability of composite sandwich 
panels is expected to be poor and the recommended 
procedure is to build the sandwich in the curved 
shape in which it will be used. 

Splicing of core sections will be necessary to 
produce large sandwich panels. Splicing of honey- 
comb core by use of adhesives or resistance welding 
has been successfully developed. The truss core 
may be spliced parallel to the corrugations without 
appreciably weakening the sandwich, and length of 
core is limited only by available sheet length. 


Inspection 


The most important part of inspecting sandwich 


Applicable 
Loading Core Type Report Technique 

\xial compression 

General buckling Honeycomb, truss FPL 1830! 

Local instability Honeycomb FPL 1817? Peg = Paz + Pom fig. 3. Sendwish analyse. 

truss NACA TN 42923 
Bending moment Honeycomb, truss FPL 1830! Pum = 2M/R 
Shear Honeycomb, truss FPL 1840! = ter! X 1.255 
External pressure Honeycomb, truss FPL 1869° 
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Fig. 4 (left). Free body element, pressurized sandwich cylinder. 
Fig. 5 (right). Free body element, sandwich cylinder with interface 
temperature gradient. 


construction is proper process control. When it is 
certain that mating parts are clean, that fit and 
bonding procedures are correct, then many inspection 
problems at later stages of production are eliminated. 
Of course, the quality of the parts must be deter- 
mined and many processes have evolved for inspec- 
ting the closed construction of sandwich. They in- 
corporate X-ray, ultrasonics, and fluoroscopy, to 
name a few, in addition to the time-honored methods 
of visual inspection, tapping for delaminated areas, 
and evaluation of trim or button specimens. An 
interesting technique, possible for truss core sand- 
wich because of its core geometry, is to check bond 
quality by internal pressurization of the completed 
panel. This method would check all welds in a 
panel without considering each individual weld and, 
thus, is relatively inexpensive. Measures of the 
strength of bonds passing the test could be obtained 
by calibrating internal pressure with bond strength. 
Of course, the goal of any inspection process is to 
produce a low-cost method that will quickly provide 
reliable information on sandwich quality and, if 
possible, a permanent record. Such processes are 
now available and new and better techniques are 
under development. 

Fusion welds in propellant tanks can be adequately 
inspected by X-ray or by use of surface penetrants. 
But experience has shown that leakage in even 
adequately inspected propellant tank welds may 
develop under simple tank pressurization. Detection 
of such leakage is important since the leak may 
represent a crack which, under operational loads, 


4 


| | 


| FUSION WELD ON INNER AND OUTER FACE — 
Face | 7 


Fig. 6 (left). Propellant tank barrel, adhesively bonded honeycomb 
sandwich. Fig. 7 (right). Propellant tank barrel, resistance welded 
truss core sandwich. 2 
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could propagate and, thus, produce catastrophic 
failure. Sandwich, because of its closed construction, 
makes detection of such leaks difficult. Leakage in 
truss core sandwich can be confined to the corrugation 
in which the leak occurs. Such is not the case in 
honeycomb sandwich where any leaking propellant 
may become entrapped or may spread any direction 
through many cells, thus eluding detection. In 
truss core sandwich, leak detection possibly may be 
accomplished by drilling small vent holes in the 
outer face over a corrugation where leakage is 
expected—e.g., over a weld joint. Leakage may then 
be detected as liquid or vapor escape from these 
drilled holes. 

It is necessary that leaking propellant be com 
patible with the interior of the sandwich. With 
propellants such as liquid oxygen, a compatibility 
problem is expected with most adhesives used in 
honeycomb sandwich. In the all-metal interior of 
truss core sandwich, this 
compatibility problem is largely eliminated. 


the resistance welded 


Repair 


In general, a good repair procedure must be 
capable of restoring a damaged area to an adequate 
strength without removal of the damaged panel 
from the structure. Portable repair kits incorporat- 
ing this idea are available in the industry. Load 
carrying capability is obtained by bonding methods, 
either adhesives, brazing, or resistance welding, 
since sandwich faces are generally too thin for 
mechanical fastener usage. The bonding materials 
have a cure temperature lower than the basic panel 
bond, so already cured nondamaged sections will 
not be seriously affected. Strength of the repair 
bond is determined by checking a similar joint 
bonded at the same time and under the same condi 
tions as the repair. 

Sealing is necessary in repairing damaged pro 
pellant tanks and, for some propellants, the only 
applicable sealing procedure is fusion welding 
Chus, it becomes important to develop a welding 
procedure that will not, by heat effect, damage the 
adjacent bond material. Fusion welding is generally 
used for sealing, but in the case of an adhesively 
bonded sandwich, drastic reduction in adjacent 
bond strength is expected. Little adverse. heat 
effect is expected with resistance welding sandwich. 
Perhaps seam resistance welding, with its lower heat 
effect, will be proved better adapted than fusion 
welding in sealing tank repairs. 


Sandwich Analysis 


A sandwich missile structure must be designed to 
withstand all of the expected loads and all of the 
possible failure mechanisms under load. The overall 
body compression, 
resulting from axial accelerations, plus shear and 
bending moment due to wind gust, and/or engine 
control reaction, and dynamic elastic body response 


missile loads include axial 
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during flight and launching. Of course, ground 
handling and upright storage conditions may prove 
critical for certain areas of the structure. Special 
tankage consideration includes effects of internal 
pressure. The resistance of sandwich to external 
pressure loads and possible thermal stress also is 
included. Missile body sandwich panels in this 
application are large enough, and edging members 
weak enough, that the analysis reverts to one for a 
circular sandwich cylinder under these various 
Since designs are presented here, it is ap- 
propriate that some presentation of analysis methods 
be included. 


loads. 


1-1/4 
I- 3/16 0.065 (Typ) 


i 


—— 


Conventional Stiffened Construction 
24 equally spaced stringers 
Weight of tank ~3.I Ib. per inch of length 


0.025 
Inner face 
Core (6.7 
Outer face | | \r | | | | 0100 
Sealer 


Honeycomb Sandwich Construction 
Weight of tank~3.3 lb. per inch of length 


Inner face, 
Core (0.010 in. thk.) 


Outer face 0.025 
Insulation 
Sealer~ 


Truss Core Sandwich Construction 
Weight of tank~3.3 Ib. per inch of length 
Fig. 8. Pressurized propellant tank, tank wall sections. (Dimensions 


are in inches; section diameter is 120 in. Material is 2014-T6 
aluminum alloy, except where noted.) 


Saving (Percent 


10 20 


Design Equivalent Axial Load 
(1b X Compression) 


Sandwich Weight 
Sandwich Weight Saving (Percent) 


120 Inch Tank Diameter 


= 
10 


Design Equivalent Axial Load 
(ib x 10° Compression) 


160 inch Tank Diameter 


Various methods for predicting the behavior of a 
long sandwich cylinder under some of the discussed 
loading conditions are available in the literature. 
Generally U.S. Forest Products Laboratory (FPL) 
reports, issued in co-operation with the ANC-23 
Panel on sandwich construction, and National 
Advisory Committee on Aeronautics reports are 
used in this analysis. Rather than describe each of 
these reports, and its method, the reports are 
simply listed (Fig. 3) with the special technique 
that is necessary in applying them. One descriptive 
word is appropriate, however, concerning the FPL 
reports. They furnish approximate analyses of 
sandwich cylinders with isotropic facings and ortho- 
tropic cores. The analyses are extended to the 
honeycomb core, which is slightly orthotropic, but 
further extension to the highly orthotropic truss core 
is not entirely valid since effect of in-plane load 
carrying ability of the core is not included in these 
analyses. It is anticipated though that this effect 
is small when buckling allowables are considered and 
the reports are used for analysis of both the honey- 
comb and the truss core sandwiches. 

Analyses of a sandwich cylinder under loading of 
internal pressure and thermal gradient are not 
readily available in the literature. Therefore, a 
short résumé of such analysis is presented here. 


Internal Pressure 


For pressurized sandwich propellant tanks, 
optimum efficiency is expected when both faces 
carry equal parts of the pressure load. A simplified 
relative deformation analysis was conducted’ to 
determine what internal pressure 
loads are reacted by the inner and the outer face in a 


sandwich cylinder. 


percentage of 


A free body element of the 
sandwich under consideration is herein presented 


(Fig. 4). It was found that 
1 — 
P. = P; 
hk. Ef 491 2) 
R 
at a point away from edge restraints. But for 


40 
Design Equivalent Axial Lood 


(Ib -10°6 Compression ) 


Sandwich Weight Saving (Percent) 


-20- 220 Inch Tank Diameter 


Fig. 9. Weight-saving charts, honeycomb sandwich vs. conventional stiffened construction. 
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common aluminum honeycomb core, using the 


minimum dimensions of a large size booster tank, 
(h./A-E.) (Ef/R?) << 2(1 — 


so P, = (1/2)P;. Thus, the hoop stresses in the 
inner and the outer faces of the sandwich are equal, 


Cni Ono 2f) 
Fig = (P:R 4f) 


The significant requirement then, for maximum 
efficiency, is that the core must be stiff in the radial 
direction when compared with the distortion of the 
Most alu- 
minum honeycomb cores, and probably a properly 


designed truss core, would possess this required 


faces under internal pressure loading. 


stiffness; therefore, both faces may be fully utilized 
to carry internal pressures in sandwich propellant 
tanks. 

Local bending effects of the faces under action of 
internal pressure and or core reaction have not been 
analyzed. If such effects produce problems, it is 
anticipated that the honeycomb core, because its 
core reaction is more uniformly distributed, will 
prove better than the truss core for containing 
internal pressure. 


Thermal Gradient 


The inherent insulating ability exhibited by 


sandwich is not always advantageous. Consider, 
for example, the case where cryogenic liquids are 
contained in a sandwich cylinder. The inner face, 
because of its low temperature, tends to contract, 
but is restricted by the outer face through the core. 
Thus, thermal stresses are induced, tension in the 
inner face and core, and compression in the outer 
face. Of course, a similar situation exists whenever 
there is a temperature gradient between the faces 
of a sandwich cylinder. 

Thermal stress may be reduced by reducing sand- 
wich core stiffness in the radial direction. However, 
such an approach reduces capability of the sandwich 
to carry internal pressure loads, and would have 
adverse effects on face wrinkling of the sandwich. 
A simplified relative deformation analysis was 
conducted’ to determine thermal stress effects. 
The analysis did not include effects of temperature 
variation through the core. A free body element of 
the sandwich under consideration is herein presented 


(Fig. 5). It was found that 


al’, + p) 
[2R(1 — w?)/Ef| — (h,/RA-E,) 


But for common aluminum honeycomb core, using 

appropriate dimensions of a large size booster tank 
h./RA,E, << 2R(1 — u?)/Ef 


so P, = EafT,/2R(1 — yw). Thus, inner and outer 
faces have stresses equal in magnitude but opposite in 
sign 
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EaT, 
Cui = 
2(1 — pw) 
EaT 


Tests have been run at Martin in Baltimore® to 
determine experimentally the 
thermal stress problem. 


severity of this 
In these tests, two cylinders 
of adhesively bonded honeycomb sandwich con- 
struction were first filled with liquid nitrogen 

-320°F) with the result that the cylinder with a 
plastic core, and thus high-thermal insulation, 
wrinkled on the outer face. A similar cylinder with 
aluminum core was able to withstand the liquid 
nitrogen fill but when simulated aerodynamic heat- 
ing was applied to the outer face, the increased 
thermal gradient, and thus increased thermal stress, 
caused wrinkling in the outer face. Strain and 
temperature gradient measurements taken in these 
tests supported the validity of the preceding thermal 
stress relations. 

When a thermal gradient exists on a sandwich 
panel, the temperature balancing effect of thermal 
conduction is not sufficient to balance the heat input 
But to 
increase conductive heat transfer by resistance weld 


and or heat loss of the separated faces. 


bonds between core and face sheets and to reduce 
heat input and/or heat loss at the outer surface by 
insulation would reduce thermal gradient. The use 
of insulation on the outer surface does look promising. 
[wo materials which have recently been mentioned 
for use are “thermalag’’ and polyurethane.’ The 
latter is incorporated in the designs presented in this 
paper. This outer face insulation would serve the 
added function of a bumper against outer face 
damage and, possibly, to stabilize the outer face 
against local wrinkling. Such outer face stabiliza 
tion is more important in the truss core sandwich 
because this sandwich is very weak against normal 
to corrugation compressive loads. 


Sandwich for Propellant Tanks 


Propellant tanks, discussed in this paper, are 
designed using sandwich construction and com- 
pared on a strength to weight basis with tanks of 
conventional construction. 


Description 


The 2014-T6 aluminum alloy is used for pro 
pellant tank application. Of course, selection of the 
basic material for use depends, to a large extent, on 
properties of the propellant. Propellants under 
consideration run the temperature gamut from 
storable room-temperature mixtures to liquid oxygen 

—296°F) and liquid hydrogen (—423°F). It is 
significant to note that, although the difference in 
temperature of liquid oxygen and hydrogen is 


seemingly small, many materials show a drastic 
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reduction in properties over this temperature range. 
Besides varying in temperature, different propellants 
vary appreciably in corrosive action. Martin- 
Denver data indicate that the 2014-T6 aluminum 
alloy maintains strength and ductility for the pro- 
pellants under consideration. 

Two sandwich types are utilized in the designs 
adhesively bonded honeycomb and resistance welded 
truss core. It must be stated that a resistance 
welded aluminum truss core sandwich in the con- 
figuration considered here has not as yet been built. 
However, since such a sandwich is not inconceivable, 
it is presented here for the purposes of discussion. 
Basic cross sections of sandwich tank barrels using 
adhesively bonded honeycomb and resistance welded 
Notice that 
both designs utilize all-welded joints on the inner 
face for propellant sealing purposes. 


truss core are shown in Figs. 6 and 7. 


Manufacture 


In manufacturing the adhesively bonded honey- 
comb cylinder (Fig. 6), the inner face and dome 
junction extrusions only can be fusion welded into 
cylindrical form on a collapsible mandrel welding 
fixture. Then the adhesive, core, outer face, and 
outer face splice straps can be installed and the 
adhesive cured by formed outer platens, electrically 
heated and capable of applying pressure to the 
sandwich section. During the cure cycle the inner 
weld fixture is electrically heated and reacts the 
pressure applied by the outer platens. The pro- 
cedure, as described, would eliminate fusion welding 
and, consequently, adverse heat effect, in the area of 
the adhesive. 

The truss core sandwich (Fig. 7) can be fabricated 
by fusion butt welding curved complete sandwich 
panels and dome junction extrusions on a collapsible 
mandrel welding fixture. Inclusion of such a joint 
in the design would require development of a special 
technique since there is no provision for weld backup. 


Conventional and Sandwich Construction Comparison 


A sample tank structure of conventional stiffened 
construction has been designed to conform to 
realistic design criteria. A typical stringer of this 
tank (Fig. 8) is presented. Sections of a sandwich 
tank, designed to the same criteria, are also presented 
in Fig. 8 for the honeycomb and the truss core 
sandwich. Calculations of buckling resistance to 
external pressure indicate approximately '/» psi for 
the conventional tank, 5.8 and 4.2 psi for the 
honeycomb and truss core sandwich tanks, respec- 
tively. But weight calculations (Fig. 8) indicate 
that there is a slight weight penalty involved in 
using sandwich for this particular set of design 
criteria. 

To determine the factors which produce weight 
saving with a sandwich tank over one of conventional 
construction, a generalized weight-saving study was 
conducted’ with independent variables being tank 


internal pressure, tank diameter, and design axial 
compressive load on the tank. Weight-savings 
charts, the results of the study, are presented in 
Fig. 9. Charts are presented only for the honey- 
comb sandwich since this type lends itself more 
readily to such a study than does truss core. In the 
study when design loads did not dictate skin thick- 
ness, minimum gages were taken as 0.085. 10~? R in. 
for the conventional tank and 0.012 in. for the sand- 
wich, dictated by handling considerations. The 
conventional tank was considered to have 24 
stringers, independent of tank diameter. Also 
included were weight of the sandwich adhesives 
and weight allowances for end connections. When 
these last two items and internal pressure are 
neglected, and if notation is adapted to that con- 
ventionally used in the literature, weight of con- 
ventional stiffened construction is 


dt/R = 2.0 X 10-3(N/R) + 8.04 X 10-5 
and of sandwich construction is 
dt/R = 2.0 X 10-3(N/R) + 3.62 X 10-> 


These expressions agree closely with efficiency 
charts’ previously presented in the literature, 

The shape of the curves (Fig. 9), in general, shows 
for a given internal pressure a steeply increasing 
weight saving with cylinder axial load, then an 
abrupt change to a slowly decreasing weight saving 
with further increase in load. This first portion 
reflects the small weight increase in sandwich (whose 
face thickness is determined by internal pressure) 
associated with increasing normal load-carrying 
ability by increasing core thickness. The con- 
ventional structure gains load-carrying ability only 
by increasing stringer cross-sectional area. The 
abrupt change shows where working compressive 
stress has reached a maximum for the sandwich 


face material. further increase in load- 
carrying ability must be accompanied by increase 
in sandwich face thickness; that is, sandwich and 
conventional structure weight increase is equal for a 
given further increase in cylinder axial load. The 
curves for P; > 50 psiand P; < 50 psi form the lower 
bound for the family of curves since assumed 
minimum conventional skin thickness ¢ = 0.085 X 
10~-* R corresponds to an internal pressure of 50 psi. 

A study of the charts (Fig. 9) indicates that 
weight saving with use of sandwich is dependent on 
the combined effect of internal pressure and axial 
load for a particular tank diameter. Indeed, a 
weight penalty is expected when internal pressure is 
high and axial load is low. For the magnitude of 
axial load most often encountered, use of sandwich 
is expected to show most promising potential at low 
internal pressures. 


Thus, 


Sandwich for Nontank Applications 
The areas under consideration are the tank 


connecting sections of the missile body. Here the 
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problems of internal pressure, leakage, and material 
compatibility associated with tankage application 
are replaced by the time-eroded problems of edge 
member, cutout, and insert design. Unfortunately, 
exact analysis of the many types of these problems 
is seldom possible. Hence, the designer either 
must rely on test information or must use con- 
servative assumptions in an analysis. Surely, the 
ideal application for sandwich is when these problems 
are at a minimum, that is, when there are long 
expanses of unbroken structure. In such instances, 
use of sandwich looks highly promising. 


In the missile structure, overall body loads are 
transferred across tank ends as uniformly distributed 
load. Sandwich construction is capable of efficiently 
carrying these loads in their uniform condition. In 
contrast, conventional stiffened construction must 
provide structure to shear lag the uniform load to 
the concentrated stiffeners, and must repeat the 
process at the opposite end of the section. This 
redistribution of load can cost weight. Of course, 
when there are many doors and cutouts, use of 
conventional stiffened construction may well be 
justified. 

Sometimes design requirements dictate a non- 
buckling structure under external pressure or acoustic 
excitation. Under such conditions, use of conven- 
tional construction means use of many individual, 
closely spaced stiffeners. Such a structure becomes 
very expensive from the fabrication standpoint. 
The continuously stiffened property of sandwich 
affords sandwich to be highly competitive costwise 
with conventional construction in such an applica- 
tion. 

Nontank areas will be designed using sandwich 
construction and compared on a strength-to-weight 
basis with stiffened construction. 
These sandwich structures may be built by the 
methods described previously for propellant tanks or, 
since propellant sealing is not a consideration here, 
curved panels may be built individually and spliced 
with adhesively bonded straps on assembly. 


conventional 


A sample nontank structure of conventional 
stiffened construction has been designed to conform 
to realistic design criteria. A typical stringer as 
well as sections of the sandwich structure, designed 
to the same criteria, are presented in Fig. 10 for the 
honeycomb and the truss core sandwich. Weight 
calculations (Fig. 10) show a saving through use of 
sandwich rather than conventional construction of 
approximately 20 percent for honeycomb and 25 
percent for truss core. These figures include use of 
outer face insulation and provisions for access 
doors. The problem remains in these areas where 
equipment is liable to be mounted, that inserts and 
local doublers to absorb concentrated loads will 
substantially reduce weight savings. It is because 
of these varying effects that generalized weight- 
saving charts for nontank areas will not be presented. 
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Conclusions 


This paper has attempted to furnish a necessary 
preliminary effort for determining the feasibility and 
defining the problems of sandwich application to 
the primary structure of ballistic missiles and space 
vehicles. Many problems were encountered but, 
with present knowledge, none of these appear to be 


insurmountable. And sandwich does show strong 


1-3/4 0.110 (Typ) 
-0.063 (HK3IA-H24 
Magnesium alloy) 
Mechanical 
Fasteners 


Conventional Stiffened Construction 
24 equally spaced stringers 
Weight of section =5.1 Ib. per inch of length 


Inner face, + 2.020 

Core (5.7 Ib/ft3) “0.645 
Outer face | 0.020 
Insulation 0.100 
Sealer— 0.010 


Honeycomb Sandwich Construction 
Weight of section=4.1 Ib. per inch of length 


Inner face, 0.020 

Core (0.012 in. th.) 
Outer face VA A AAA {20.020 
insulation 0.100 
150.010 


Sealer’ 


Truss Core Sandwich Construction 
Weight of section~3.8 Ib. per inch of length 


Fig. 10. Nontank application, wall sections. 


potential for weight savings plus additional benefits 
arising from its inherent rigidity. It is thus advised 
that a further developmental effort be conducted. 

Of the two core types studied, the resistance 
welded truss core sandwich, as opposed to the ad- 
hesively bonded honeycomb sandwich, appears to be 
the better adapted configuration particularly for 
propellant tank application, since: 


(1) Manufacture. Mass production techniques 
under development may considerably reduce sand 
wich cost. 


(2) Inspection. Leak detection in propellant 
tanks can conceivably be accomplished. Calibrated 
internal pressurization of the completed panel 
establishes an inexpensive means of determining 
bond strength. 


(3) Repair. The all-welded construction may) 
allow sealing by fusion welding where required. 
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1) Thermal Effects. The improved conduction 
properties through the all-metal sandwich should 
relieve the potentially severe thermal stress problem. 


5) Material Behavior. Adverse temperature effect 
on bond strength is reduced. The all-metal sand- 
wich interior reduces compatibility corrosion prob- 
lems in the case of propellant leakage. 


Surely honeycomb sandwich will receive con- 
tinued study in an effort to alleviate some of its 
disadvantages in the discussed application. And 
familiarization with developments in sandwiches of 
and bonds 
must be maintained since adaptability of a particular 


other core configurations, materials, 
sandwich is so strongly dependent on the require- 
Further work, 
necessary to establish the benefits of sandwich for the 
discussed application, includes 


ments of the particular application. 


(1) development of 
inexpensive techniques for production of sandwich; 
4 properties of 


2) determination of various core 


configurations, (3) investigation, by theoretical 


and experimental means, and sandwich cylinder 
behavior under axial compression, bending moment, 
transverse shear, internal and external pressure, 
and thermal gradient, especially in the large radius 
to thickness ratios expected to be encountered; 
t) development of design optimization procedures 
for sandwich cylinders; (5) development of joining, 
inspection, and sandwich 


repair techniques for 


+ 


panels, and manufacturing methods for sandwich 
cylinders. 
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Lunar VTOL Vehicle. A rocket- 
propelled craft designed to collect 
lunar ore specimens. 


Nuclear Space Ship. 

A Douglas design for a 
space ship with crew 
quarters and control 
rooms in the nose, 
nuclear reactor in 

the rear. 


Lu service Vehicle. Travels 
like a SWamp buggy” on 
inflatef rollers. Mechanical 
arms provided to handle 
outside chores. 


Nuclear Space Ship. 
A future, medium- 
thrust, nuclear- 
electric space ship 
for one-year 
interplanetary round 
trips (Martian and 
Venusian). 


Douglas Thor. 
Designed as a 
military IRBM, this 
dependable missile 
is the workhorse 
of the Space Age. 


Space Observatory. Sections of 


this Douglas-designed space 


station would be sent into space 


in rockets and be joined together 


in orbit. 


Saturn. First U.S. vehicle designed to 
put tons of payload into orbit... or 
onto the moon. Douglas-built second 
stage is as tall as a 4-story building. 


Nuclear Space Ship. 
An unconventional 
design by Douglas with 
living quarters around 
the ring at the bottom, 
On landing, it would 
ease down, ring first. 


Supply and Escape Vehicle. A 
compact re-entry vehicle to supply 
orbiting space stations or to return 
crews to earth. 


Lunar Cargo Handlers. Would 
load lunar ore samples into 
containers to be towed back to 
earth by rockets. 


Lunarmobile. Donut- 
shaped exploration 
vehicle to use rocket 
power in space and 
tractor treads on the 
moon's surface. 


Eleven ways to outwit the law of gravity 


When the Space Age dawned, 
Douglas was ready with specific pro- 
posals for space equipment either 
completed or in advanced stages of 
development. (Some appear above. ) 

These Douglas proposals were 
based on realistic estimates of the 
capabilities of men and materials. 
They are the valued dividends of the 
company’s considerable experience, 


gained from the design and produc- 
tion of 30,000 missiles and rockets. 
These include the Douglas Thor, an 
IRBM which has been totally suc- 
cessful in 86% of its tactical and 
space firings over the past two years. 

Today, Douglas looks ahead to 
other exciting challenges from its 
firm position of leadership in the 
conquest of Space. 
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